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ABSTRACT
We present the analysis of five O VI absorbers identified across a redshift path of z ∼ (0.6 −
1.3) towards the background quasar PG 1522 + 101 with information on five consecutive
ionization stages of oxygen from O II to O VI. The combined HST and Keck spectra cover
UV, redshifted EUV, and optical transitions from a multitude of ions spanning ionization
energies in the range of ∼ (13 − 300) eV. Low ionization (C II, O II, Si II, Mg II) and very
high ionization species (Ne VIII, Mg X) are non-detections in all the absorbers. Three of the
absorbers have coverage of He I, in one of which it is a > 3σ detection. The kinematic
structures of these absorbers are extracted from C IV detected in HIRES spectra. The farthest
absorber in our sample also contains the detections of Ne V and Ne VI. Assuming co-spatial
absorbing components, the ionization models show the medium to be multiphased with small-
scale density-temperature inhomogeneities that are sometimes kinematically unresolved. In
two of the absorbers, there is an explicit indication of the presence of a warm gas phase
(T & 105 K) traced by O VI. In the remaining absorbers, the column densities of the ions are
consistent with a non-uniform photoionized medium. The sub-solar [C/O] relative abundances
inferred for the absorbers point at enrichment from massive Type II supernovae. Despite metal
enrichment, the inferred wide range for [O/H] ∼ [−2.1,+0.2] amongst the absorbers along
with their anti-correlation with the observed H I suggest poor small-scale mixing of metals
with hydrogen in the regions surrounding galaxies and the IGM.
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1 INTRODUCTION
Quasar absorption line observations remain one of the most sen-
sitive tools for examining the diffuse gaseous component of the
universe. At low redshifts (z . 1) such studies are particularly
challenging as the gas beyond galaxies is inhomogeneously dis-
tributed over a broad temperature - density range. The circumgalac-
tic medium (CGM) is one of the major reservoirs of such gas with
L∗ galaxies possessing halo baryonic masses of & 1010 M and
collectively accounting for ∼ 25% of the cosmic baryon budget
at z ∼ 0 (Peeples et al. 2014, Shull et al. 2014, Keeney et al.
2017, Hafen et al. 2019). Absorption systems featuring ions of low
and high ionization energies show the CGM to be a richly mul-
tiphased region whose ionization, metallicity, and absorption ve-
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locity spreads induced by temperature and turbulence, span a wide
range of values (Richter et al. 2011, Werk et al. 2013, Fox et al.
2014, Liang & Chen 2014, Nuza et al. 2014, Richter et al. 2016,
Tumlinson et al. 2017).
The multiphase properties are many a times brought out by the
diversity of metal lines featured in spectroscopic observations. For
example, the presence of a diffuse warm (T & 105 K) component to
the CGM is known through absorption from high ions such as O VI
and Ne VIII, whereas concurrent detections of lower ionization
species such as C II and Si II reveals much cooler T . 104 K CGM
gas phases in the same environment (Savage et al. 2011, Narayanan
et al. 2012, Pachat et al. 2017, Narayanan et al. 2018, Pradeep et al.
2020). The scale height of these low and high ions also serve to
define a boundary to the chemically enriched CGM within the dark
matter envelope of galaxies (Liang & Chen 2014, Liang et al. 2016,
(See also Project AMIGA - Lehner et al. 2020). The metallicities
inferred from the low and high ions and their kinematic properties
© 2020 The Authors
ar
X
iv
:2
00
9.
03
88
5v
1 
 [a
str
o-
ph
.G
A]
  8
 Se
p 2
02
0
2 Sankar et al. 2020
have also served as a tools to probe gas flows in and out of galax-
ies (Keres´ et al. 2005, Lilly et al. 2013, Kacprzak et al. 2019). The
properties of the CGM are also explored in great detail by hydrody-
namic simulations. The recent emphasis in this direction has been
in reproducing the wide scatter seen in cloud-to-cloud metallicities
within the CGM, and also the differences in physical sizes of gas of
various ionizations (Rauch et al. 2001b, Rauch et al. 2001a, Lopez
et al. 2005, Misawa et al. 2013, Muzahid 2014, Churchill et al.
2015, McCourt et al. 2018). Given the complex kinematics, phase
structure, and patchy metal distributions with the CGM, these simu-
lations require resolutions of gas structures at sub-kiloparsec scales
and the inclusion of sub-grid scale physical processes such as ra-
diative cooling, stellar and AGN feedback, and accretion of gas in
cold streams, to match the observed statistical properties of CGM
absorption (Schaye et al. 2015, Oppenheimer et al. 2016, Oppen-
heimer et al. 2018, Peeples et al. 2019, Suresh et al. 2019, Hummels
et al. 2019).
The gas beyond the extended halos of galaxies also pos-
sess a complex multiphase structure. A significant mass density
of baryons in the intergalactic medium (IGM) is in the cool (T .
104 K) and diffuse phase, with a roughly equal amount at warm-hot
(105 . T . 107 K) temperatures (e.g., Martizzi et al. 2019). The
cool clouds heated through photoionization and with neutral frac-
tions of fH I = N(H I)/N(H ) ∼ 10−4 is probed well by the dis-
crete Lyα forest absorption features seen in quasar spectra (Shull
et al. 2012). Compared to this cool phase, resolving the phase struc-
ture of the warm-hot gas in the IGM has been challenging. Here
again the observational strategy has been to focus on absorbers that
feature O VI, Ne VIII, and BLAs (thermally broadened Lyα with
b(H I) > 40 km s−1). A general challenge in this case, especially
with O VI absorbers, is in discriminating photoionized gas from
hotter collisionally ionized gas when the phases are kinetmaically
overlaid. In such cases, detailed spectral line analysis and ioniza-
tion modeling of the ions of different energy states help to segre-
gate the neutral and low ionization phases from the high ionization
gas traced by O VI (Narayanan et al. 2010, Narayanan et al. 2011,
Pachat et al. 2016, Narayanan et al. 2018).
The intracluster medium (ICM), which dominates the bary-
onic mass in galaxy clusters, is also a strongly multiphased environ-
ment. Emission and absorption in X-rays are typically the probes
for studying the T & 107 K fully ionized ICM plasma. Quasar ab-
sorption lines, on the other hand, aid in detecting phases of the ICM
that are cooler and denser, but with mass fractions comparable to
that of the hot gas, especially in regions beyond the cluster virial
radius (Emerick et al. 2015, Butsky et al. 2019). Observations of
such T ∼ 104 −105 K ICM gas is a means to study important phys-
ical processes such as ram-pressure and tidal stripping of cluster
galaxies, stellar and AGN feedback that push interstellar gas out
into the ICM, as well as cold gas inflows through cosmic web fila-
ments that penetrate into the cluster medium (Conselice et al. 2001,
Ehlert et al. 2013, Zinger et al. 2016, Pradeep et al. 2019, Manuwal
et al. 2019).
While H I and ionized metal transitions in the near and far-UV
have been efficient in revealing diffuse gas with T ∼ 104 − 106 K,
the detection of hotter baryons (T ∼ 106 − 107 K) have relied on
X-ray emission studies of gas around individual massive galaxies
(M∗ ∼ 1011 M), and also stacking X-ray measurements to de-
tect diffuse emission further along the galactocentric radius (e.g.,
Anderson et al. 2013, Singh et al. 2018). Such studies show that
the hot phase of the CGM accounts for only ∼ 8 − 10% of the ex-
pected cosmic baryon fraction (Li et al. 2018). The baryon deficit
is an indication that the CGM is multiphased with some significant
baryonic mass entrenched in cool/warm gas phases corresponding
to accretion and feedback from star formation and AGN activity, al-
though this in itself is not adequate to explain the shortfall in baryon
fraction (Anderson & Bregman 2010). Dispersion measurements
of millisecond duration Fast Radio Bursts (FRBs) is an emerging
technique that can provide an ionization model independent ac-
count of the baryonic mass retained in the CGM and IGM. Mac-
quart et al. (2020) recently reported an independent measurement
of the cosmic baryon density, Ωb = 0.051+0.021−0.025h70 (95% confi-
dence) using the dispersion of a small sample of localized FRBs
and thus confirming the existence of highly ionized gas and solv-
ing the missing baryons problem. Although a larger sample of lo-
calized FRBs are required to make more robust measurements and
studies await the data from current and forthcoming facilities like
Australian Square Kilometre Array Pathfinder (ASKAP), the Deep
Synoptic Array (DSA) etc. (e.g., McQuinn 2014, Shull & Danforth
2018, Prochaska & Zheng 2019, Ravi 2019, Ravi et al. 2019, Mac-
quart et al. 2020).
Irrespective of whether a given line of sight is probing halo
gas, or the intra-group/cluster medium, or the clumpy mass distri-
butions that characterize the filamentary IGM, an insight into the
ionization states, densities and chemical compositions in the ab-
sorbing clouds is possible only when information on many ions
diagnostic of the different gas phases is available. In this paper,
we present the analysis of five distinct intervening metal line sys-
tems in the redshift interval z = 0.6 − 1.3 towards the background
quasar PG 1522 + 101. Combining archival HST /COS, HST /STIS
and Keck/HIRES observations, we have information on near-UV
(NUV), far-UV (FUV) and extreme-UV (EUV) metal lines from
nearly twenty different ionic species that represent a wide range of
ionization energies from 13 eV - 350 eV, including the successive
ionizations of oxygen from O II to O VI, and also C II to C IV,
Ne V to Ne VIII and Mg X. Three of the absorbers also cover the
EUV lines of He I at 584.334 Å, 537.029 Å, in one of which it is a
> 3σ detection.
Information on many ions spanning a continuous series of
ionization energies is valuable for probing small scale density-
temperature structures within the absorbing material that are other-
wise difficult to detect. Furthermore, the multiple ionization stages
of oxygen in the five systems presents the possibility of constrain-
ing [O/H] in O VI bearing gas, a parameter that is crucial in the
estimations of the absorber population’s contribution to the closure
density [i.e., Ωb(O VI), Danforth & Shull 2005, Tripp et al. 2008,
Savage et al. 2014). From the perspective of absorber-galaxy asso-
ciations, the line of sight probes diffuse gas spread over a redshift
epoch that immediately follows the peak in global star formation
rate. The increased rate of stellar winds and supernova feedback
that ensue rapid star formation is expected to significantly enhance
the covering fraction of metals around galaxies and alter the distri-
butions of cold, warm and hot gas phases in their haloes at z . 1
(e.g., Simcoe et al. 2006, Wakker & Savage 2009, Tumlinson et al.
2011, Hummels et al. 2013, Barai et al. 2013, Peeples et al. 2014).
The redshift range also encompasses the time period where spectro-
scopic imprints on the morphological evolution of galaxies towards
the Hubble sequence can be seen from the kinematics of absorp-
tion lines directly probing gas within galaxy potential wells (Mshar
et al. 2007, Rodríguez Hidalgo et al. 2012).
The paper is organized as follows. In Section 2, we provide in-
formation on the archival COS, STIS, and HIRES spectra and our
data analysis methods. We begin the subsequent section by describ-
ing our approach to ionization modeling, the assumptions made and
the choice of extragalactic ionizing background radiation. This is
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followed by subsections where we address individual absorption
systems in detail along with results from their modeling. In Section
9, we conclude with a discussion and summary of the results. The
line measurements for all the ions and the system plots showing all
available important transitions are included as appendix material.
2 SPECTROSCOPIC DATA IN THE UV & OPTICAL
The spectra for the QSO PG 1522+ 101 include archival data from
HST /COS (Prog ID. 11741, PI. Todd Tripp), HST /STIS (Prog ID.
13846, PI. Todd Tripp) and Keck/HIRES (Prog ID. U066Hb, PI.
Xavier Prochaska). Table 1 lists the parameters of the instruments
used in our study. The COS FUV gratings G130M, and G160M
and the NUV grating G185M offer a combined wavelength cover-
age from 1100 Å to 2100 Å with an average signal-to-noise ratio
of S/N ∼ 10 per 20 km s−1 resolution element, after Nyquist sam-
pling. The data were initially reduced with the CalCOS calibration
pipeline. The CalCOS wavelength uncertainties of ∼ 15 km s−1
vary with wavelength and become as large as 40 km s−1 at the
edges of both detector segments. To improve the CalCOS wave-
length calibration, a further set of customized velocity alignment
and co-addition steps were applied, following the procedures de-
scribed in detail in the appendix of Wakker et al. (2015). We re-
calibrate the CalCOS wavelengths in individual detector segment
exposures by cross-correlating relatively strong and well observed
galactic ISM lines in individual extractions of the same QSO to de-
termine velocity offsets as a function of wavelength between the
different segment observations. The different segment observations
are then combined. The absolute wavelength scale is then estab-
lished as a function of wavelength by comparing the velocities
of ISM absorption lines with 21 cm H I emission spectra having
high velocity accuracy. The full procedure produces final calibrated
spectra with velocity errors estimated to be ∼ 10 km s−1. The fi-
nal spectrum is an improvement over the coadded version avail-
able through the HST Legacy Archive1. The STIS E230M grating
has a spectral resolution of 10 km s−1 over the wavelength range
1600 Å to 3100 Å but the data is of a lower S/N ratio compared to
COS. The HIRES spectra were obtained from the Keck Observa-
tory Archive (KOA)2. The orders were extracted using the MAKEE
package (MAuna Kea Echelle Extraction) written by T. Barlow3
and inverse variance weighted coaddition was performed to gener-
ate the final one-dimensional spectrum. The HIRES spectrum has a
S/N ∼ 25 per 7 km s−1 resolution.
3 ANALYSIS OF ABSORPTION SYSTEMS &
IONIZATION MODELING
The absorbers identified along this sightline are at z = 0.67556, z =
0.72885, z = 1.09457, z = 1.16592, and z = 1.27768, which would
place them at ∆v ∼ −95185 km s−1, ∆v = −86663 km s−1, ∆v =
−31560 km s−1, ∆v = −21598 km s−1, and ∆v = −6552 km s−1
from the emission redshift of the quasar (z = 1.32801 ± 0.00044)
(Hewett & Wild 2010). The systems were identified from a search
for O VI doublets along this sightline with simultaneous informa-
tion on O II to O V offering a continuous range of diagnostics for
1 https://archive.stsci.edu/missions-and-data/hst-spectroscopic-legacy-
archive-hsla
2 https://koa.ipac.caltech.edu/cgi-bin/KOA/nph-KOAlogin
3 http://www.astro.caltech.edu/ tb/makee/
the gas phases in the absorbers. For the two absorbers at z < 1,
the O V 629 Å line is below the COS G130M grating coverage.
The cumulative HST and Keck spectra offer coverage of a large
number of interesting ultraviolet and optical metal line transitions
for all the absorbers. For instances where a given line is covered
by multiple instruments, the spectrum with the best S/N ratio was
used for analysis. Low order polynomials were used to fit the lo-
cal continuum, avoiding evident absorption features. Equivalent
width and profile measurements were carried out on the continuum-
normalized spectra. The integrated column densities were mea-
sured using the apparent optical depth (AOD) method of (Savage &
Sembach 1991) by converting velocity-resolved flux profiles of un-
saturated lines into apparent column densities. For saturated lines,
the AOD method provides a lower limit on the column density.
Only those lines with a significance of & 3σ are considered as de-
tected. For the others, useful upper limits are estimated from the 3σ
equivalent width limits, obtained by integrating over the same ve-
locity range as other prominent detected lines, and determining the
corresponding column density from the linear regime of the curve-
of-growth. Voigt profile fitting was also performed on these lines
using the VPFIT routine (ver.10.4, (Carswell & Webb 2014)) after
convolving the model profiles with the instrument line spread func-
tions for COS4 and STIS and with a Gaussian of v ∼ 6.6 km s−1 for
HIRES spectra. Multiple lines from a given ion are fitted together,
with the fitting procedure optimizing on the unsaturated lines. This
means that in the case of species like H I, the column density and
b-value are predominantly constrained by the unsaturated higher
order Lyman transitions. In the case of single lines that are satu-
rated, fitting is done simultaneously with lines of similar ioniza-
tion from other elements for which better constraints or multiple
lines are available (e.g., C III and O III, C IV and O IV). In the
three absorbers at z > 1, the C IV λλ1548, 1550 lines in the higher
S/N and resolution HIRES data were used to establish the com-
ponent structure of lines seen in the COS data. Components with
velocity centroids that are within 10 km s−1(the velocity calibration
uncertainty) are treated as coinciding in velocity. We adopt multi-
component fitting for saturated lines such as Ly-α only when there
is evidence of kinematic sub-components in the metal lines. The
atomic line list and oscillator strength values used for fitting are
from Morton (2003) for lines with λ > 912 Å and from Verner &
Ferland (1996) for lower wavelengths.
Photoionization modelling using Cloudy(17.01) (Ferland et al.
2017) was carried out to derive the physical conditions and chem-
ical abundances in the absorbers. The gas clouds are modeled as
plane parallel slabs of constant temperature and density, with zero
dust content. The ionization in the cloud is taken to be dominated
by photoionization by the extragalactic UV background radiation at
the absorber redshifts, for which we have used the model given by
Khaire & Srianand 2019 (fiducial Q18 model; hereafter KS19). In
Figure 1, we show the specific intensity (4piνJν) of the KS19 back-
ground for the mean redshift of 〈z〉 ∼ 0.99 of our sample along
with ionization energies of key species present in the absorbers. In
addition, we also explore collisional ionizations caused by ener-
getic free electrons colliding with atoms and ions using the models
of Gnat & Sternberg 2007 as a potential source of ionization.
Assuming the solar relative elemental abundances of Asplund
et al. 2009, photoionization simulations were run for the observed
values of H I column density, and gas densities ranging from 10−6
4 http://www.stsci.edu/hst/instrumentation/cos/performance/spectral-
resolution
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Instrument Wavelength Coveragea Spectral Resolution Velocity Resolution Exposure Timeb S/N per resolution elementc Program ID
(Å) R = λ/∆λ ∆v km s−1 t (ks)
HST /COSd 1100 − 2100 12, 000 − 20, 000 17 − 20 54.60 5 − 20 11741, 13846
HST /STIS 1600 − 3100 ∼ 30, 000 ∼ 10 20.88 4 − 11 13846
Keck/HIRES 3047 − 5895 ∼ 47, 000 ∼ 7 00.80 10 − 25 U066Hb
Table 1. Table describes the instrument parameters of the archival data used in this study. a The wavelength range consists of different gratings and frames and
thus small coverage gaps in between. b Total exposure time listed is the sum of multiple observations with multiple instrumental settings. c The S/N in each
line profile can be estimated from the noise level plotted at the bottom of each panel illustrated in Figures 3A to 7A. d The COS LSF has broad non-Gaussian
wings which affects the measurements on narrow and closely separated line features.
to 10−1 cm−3. A suite of ionization models were generated by vary-
ing metallicities over a wide range to determine the physical con-
ditions that best explains the observed column densities and the
temperatures implied by the line widths. Multiple components in
an absorber are modeled separately. Absorption components of dif-
ferent ions that are aligned in velocity (within 10 km s−1of each
other) are considered together for a single phase model. In such
cases, multiphase models are sought only when the observed col-
umn densities are significantly different from the predictions from
a narrow range of density phase solutions with reasonable relative
elemental abundance variations. The abundances we derive based
on the ionization models will carry uncertainties from the H I and
metal line column densities in addition to the uncertainty in the
shape of the EBR. The latter can induce errors of ∼ 0.5 dex in the
derived metallicities (Howk et al. 2009).
In cases where the centroid velocities of the lines and their
Doppler b parameters imply a single phase, the best constraints on
the physical conditions are provided by the column density ratios
between adjacent ionization stages of oxygen. In Figure 2 is shown
the observed column densities of the oxygen ions in the five ab-
sorbers. General conclusions can be drawn on the ionization based
on a comparison of these successive ionic column densities. In four
out of five of these absorbers the N(O IV) > N(O V) > N(O III) >
N(O VI)5. This trend is valid under photoionization equilibrium at
gas densities in the range of nH = (0.2 − 2) × 10−3 cm−3. Here
the lower bound is set by the N(O IV) > N(O V) > N(O VI), and
the upper bound by N(O IV) > N(O III). In all these absorbers,
therefore, the low to high ionization stages of oxygen can exist in
photoionized gas with densities that are within an order of magni-
tude of each other. This is only a general estimate, and does not
involve the nuanced phase structure these absorbers can have with
the O VI predominantly from gas that is significantly ionized com-
pared with the intermediate ions such as O III and O IV.
Since the high ions, especially O VI, can have an origin in
warm collisionally ionized plasma, we consider the predictions
from such models as well. In Figure 2, we show the column density
predictions of O IV, O V, and O VI in a cloud of solar metallicity
and arbitrary H I column density, for temperatures at which equi-
librium (CIE) and non-equilibrium collisional ionizations (NECI)
are significant. The computations are based on the models of Gnat
& Sternberg (2007). As seen in Figure 2, at T < 5 × 106 K the
O V and O VI predictions under NICE depart significantly from
their CIE values, with the column density predictions differing by
> 1 dex. The presence of metals enhances the cooling rate of the
5 O V covered and detected only in the z = 1.09457, z = 1.16592 and
z = 1.27768 absorbers.
plasma significantly. The temperature of the gas declines faster
with the recombination between ions and electrons lagging behind.
This results in enhanced high ion fractions at lower temperatures in
comparison with CIE. With decrease in metallicity, the difference
between CIE and NECI predictions tend to get less. Furthermore,
even at temperatures where collisions tend to dominate the ioniza-
tion, photoionization from the extragalactic background radiation
can raise the ionization levels of gas to some degree (Oppenheimer
& Schaye 2013). These aspects are also considered in our analysis
of the absorbers. In the subsequent sections, we discuss the ion-
ization models for each absorber in detail, the results of which are
summarized in Table 2. The full system plots (Appendix Figures
from B1 to B5) and table of measurements (Refer Appendix Tables
from B1 to B10) are listed in the appendix section.
The QSO PG 1522+ 101 was observed as part of an HST pro-
gram to study Ne VIII bearing warm-hot gas, which excluded lines
of sight with strong Lyman Limit Systems. The target selection may
have led to a bias towards high ionization absorbers. However, low
ionization phases traced by C II, O II, Si II are commonly detected
in intervening O VI and Ne VIII systems (e.gs., Narayanan et al.
2012, Meiring et al. 2013, Hussain et al. 2015, Pachat et al. 2017,
Rosenwasser et al. 2018). The simultaneous non-detections of low
ions and Ne VIII in the O VI absorber sample presented here can
be suggestive of the absorbers probing relatively narrow density-
temperature phase structures.
4 THE ZABS = 0.67556 ABSORBER
4.1 Characterization of the zabs = 0.67556 absorber
This is the lowest redshift O VI absorber along this sightline that
we report on. The absorber has detections of O III, O IV, and O VI.
The redshifted O V 629 line is below the far-UV coverage of COS.
The system plot for this absorber is shown in Figure 3A (the full
version in Appendix Figure B1) and the line measurements are
listed in Appendix Tables B1 and B2. In addition to the oxygen
lines, the COS spectrum also shows C III. Key species including
C II, N II, O II, Al II, Si II, N III, Al III, Si III, and Ne VIII are
non-detections. The C IV 1548 line is affected by contamination
from Galactic Mn II 2594. The C IV 1551 line is detected as a weak
feature. The high S/N HIRES data shows the Mg II λλ2796, 2803
lines as non-detections, consistent with the non-detections of C II,
O II, and Si II lines in the COS data, since these low ions have sim-
ilar ionization potentials. The AOD integrated column densities of
the various oxygen lines are comparable to their Voigt profile fitted
values to within 1σ uncertainty, indicating that unresolved satura-
tion is either absent or not significant. The absorption in O III and
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Figure 1. SED of the extragalactic background radiation (KS19), Khaire
& Srianand (2019)) which is an improvement over the Haardt & Madau
(2001) model as it incorporates the most recent measurements of the quasar
luminosity function (Croom et al. 2009, Palanque-Delabrouille et al. 2013)
and star formation rate densities (Khaire & Srianand 2015). The vertical tick
marks signify the creation and destruction energies of key species covered
in our sample of absorbers.
C III coincides with H I, but is centered 25 km s−1 from O IV and
O VI (see Figure 3B). Such velocity offsets between high and low
ions is common to many O VI absorbers (e.g., Savage et al. 2011,
Fox et al. 2013) and are thought to occur when the line of sight is
probing a flow of warm interface gas between a cold cloud and a
hot surrounding medium (Boehringer & Hartquist 1987, Savage &
Lehner 2006).
Neutral hydrogen is detected in a number of Lyman series
lines. The unsaturated H I lines from 937 to 919 Å and the non-
detections of higher order transitions constrains the H I column
density to log [N(H I), cm−2] = 15.87 ± 0.04, and b-parameter
to b(H ) = 37 ± 2 km s−1. The H I and metal line absorption pro-
files in this systems are modeled with a single component since
there are no adequate constraints in the data to adopt a rigid multi-
component model. Kinematic sub-components that are unresolved
by COS or STIS, if present, will be an additional source of uncer-
tainty in the temperature and ionization model parameters we infer.
The wings of the Lyα between 75 < v < 175 km s−1 is contam-
inated by the Lyγ feature associated with the z = 1.09457 O VI
absorber (refer Appendix Figure B3). The system plot of Figure
3A shows the extent of this contamination. As mentioned earlier,
the H I, C III, and O III lines have an offset of ∆v ∼ 25 km s−1
relative to the O IV and O VI. The offset is evident in the appar-
ent column density comparison plots of Figure 3B. The O IV 787
line, covered by the G130M grating of COS, occurs in between
the O III 702 and O III 832 lines. The O III lines are well aligned
relative to each other, but offset from the O IV. Furthermore, the
O IV 787 observed by the G130M grating is well aligned with the
O VI doublet lines that appear at the edge of the G160M spectrum.
The velocity difference is therefore unlikely to be an artifact of
COS wavelength calibration. Such offsets between O VI and ions
of lower ionization is usually an indication of multiphased gas, a
possibility we consider during the ionziation modeling of the ab-
sorber. The H I lines are only as broad as the well-aligned C III
and O III lines indicating a predominance of non-thermal broaden-
ing. The b(H I) = 36 ± 2 km s−1, and b(C III) = 33 ± 6 km s−1
imply a T < 4.7 × 104 K based on the 1σ uncertainties in b. The
A B C D E F G
Absorber redshifts
13.0
14.0
15.0
16.0
lo
g 
N
A - 0.675
B - 0.728
C - 1.095
D - 1.166(b)
E - 1.166(r)
F - 1.277(b)
G - 1.277(r)
OIII
OIV
OV
OVI
1
Figure 2. Top panel shows comparison of the column densities of the dif-
ferent oxygen ions in the five absorbers. In the z = 1.165 and z = 1.277 ab-
sorbers, the negative and positive velocity components are separately mea-
sured and indicated as "b" and "r". The O V is not covered by the COS
spectra for z < 1.09. The panel on the middle shows a fiducial PIE model
computed for an average value of log N (H I) for our sample, an oxygen
abundance of one-tenth solar, and an ionizing background corresponding to
the mean redshift of our sample. The different curves are the PIE model pre-
dicted column densities for the five successive ionization stages of oxygen.
Bottom panel shows the column densities of O IV, O V, and O VI in a cloud
of solar metallicity and N (H I) ∼ 1014 cm−2, for the range of temperatures
at which collisional ionization equilibrium (CIE) and non-equilibrium col-
lisional ionizations (NECI) are significant. The computations are based on
the models of Gnat & Sternberg (2007)
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b = 39 ± 11 km s−1 for the kinematically offset O VI places a much
higher limit of T < 2.5 × 106 K for the O VI bearing gas.
4.2 Ionization Models for the zabs = 0.67556 absorber
The photoionization model results are shown in Figure 3C. The
observed N(C III)/N(C IV) = 0.07 ± 0.27 is used to constrain
the density at nH ∼ (0.2 − 0.7) × 10−3 cm−3. The column den-
sity predictions from the PIE models yield an [O/H] = −0.9 ± 0.1
for the O III to be produced at the mean of that density range,
with the uncertainty in the metallicity a cumulative of the measure-
ment errors in H I and O III. The predicted column density ratio of
C III to O III is a constant over two orders of magnitude in density
(nH ∼ 10−4−10−2 cm−3), indicating that these two species would
trace the same phase of the absorber. The observed column densi-
ties of these ions thus offer a direct insight into the relative elemen-
tal abundance between C and O. For the model predicted C III and
O III column densities to match their observed values at the mean
density of nH ∼ 0.5 × 10−3 cm−3, the PIE models require [C/O]
= −0.5 ± 0.2 dex. For this phase, the PIE models also predict the
observed C IV and O IV to within their 1σ uncertainty. The O VI
however is under-produced by ∼ 0.75 dex. The column density ra-
tio plot of Figure 3C also reflect this where the observed O IV to
O VI column density ratio matches with its model predicted value
at a density of nH = 0.2 × 10−3 cm−3 which is about five times
lower. The line of sight could be tracing a column of gas with a nar-
row spread of densities from nH = (0.2−0.7) × 10−3 cm−3 where
all the observed metal ions are produced (yellow zone in Figure
3C). This density range also constraints the total hydrogen column
density to within log N(H ) = 19.93−19.20 cm−2, gas temperatures
to T = (2.9−2.2) ×104 K, pressure of p/K = (4.6−15.9) cm−3 K,
and thickness along the line of sight of L = (172.4−7.2) kpc. Such
a medium is also consistent with the non-detections of C II, Si II,
and Mg II, that are generally tracers of denser and more compact
gas.
However, the ∆v ∼ 25 km s−1 velocity offset of O VI and
O IV with O III, C III and H I implies at least two distinct gas
phases. The bulk of the O VI could be from gas at T > 105 K where
collisions dominate the ionization. The b(O VI) = 39 ± 11 km s−1
suggests that the temperature in this O VI phase can be as high
as T < 2.5 × 106 K (1σ upper limit), assuming negligible non-
thermal broadening. Such a warm/hot phase can contribute signifi-
cant amounts of O IV as well. It is difficult to disentangle the sepa-
rate contributions to the observed O IV from the photoionized and
collisionally ionized phases. The O IV absorption coinciding in ve-
locity with O VI points to a significant portion of the O IV coming
from the O VI phase. Nonetheless, we consider the O IV to O VI
observed column density ratio as an upper limit while constraining
the warm O VI phase. In gas that is subjected to CIE, the observed
log[N(O IV)/N(O VI)] ≤ 0.66 is valid for T > 0.3 × 106 K as
shown by the collisional ionization models of Figure 3C. Given
the low neutral fraction at such temperatures ( fH I = 1.95 × 10−6,
Gnat & Sternberg 2007), the H I from this phase is expected to be
a shallow feature, with a b(H I) ≥ 64 km s−1 corresponding to a
T > 0.2 × 106 K from the H I - O VI combined b-parameters. Fig-
ure 3A shows the possible presence of such a broad-Lyα (BLA).
The BLA column density has to be log N(H I) ≤ 13.7 for the cu-
mulative model profile to not exceed the absorption seen in Lyα
and the higher Lyman transitions. At this limiting temperature, the
observed N(O VI) is reproduced by the CIE models for a [O/H] =
−0.9, identical to the abundance derived for the cooler photoion-
ized phase using O III as the constraint. The abundance is not ad-
1
Figure 3A. System plot of the zabs = 0.67556 absorber, with continuum-
normalized flux along the Y-axis and the velocity scale relative to the red-
shift of the absorber along the X-axis. The v = 0 km s−1, marked by the
dashed-dotted vertical line, indicates the absorber redshift. The 1σ uncer-
tainty in flux is represented by the blue curve at the bottom of each panel.
The red curves are the best-fit Voigt profiles. The observed wavelength of
each transition is also indicated in the respective panels. Interloping fea-
tures unrelated to the absorber are labeled. In the Lyman Lines panels, the
synthetic profile of a BLA with log[N (H I)] = 13.7 and b(H ) = 80 km s−1
associated with O VI is also shown (green solid curve). The blue dashed
curve in the Lyman α panel shows the contaminating feature of Lyman γ of
the absorber at 1.09457.
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Figure 3B. Apparent column density comparison between the different detected species of the zabs = 0.67556 absorber. The high ions are plotted on the
top panel and the intermediate ions on the bottom panel. An offset of 25km s−1 is seen between the intermediate and high ions. The b parameter of O VI also
appears to be a bit higher than the other species. The figure on the right shows the velocity centroids of each line with their uncertainty relative to the absorber
redshift, as derived from profile fitting. The b-parameter measured for the various ions are indicated within the parentheses.
equately constrained due to lack of information on the exact tem-
perature of the O VI gas, and the H I associated with the O VI. The
BLA properties are comparable to the characteristic value predicted
for absorption tracing hot circumgalactic gas around galaxies with
virial halo masses of log (M/M) ∼ 1011 (Richter 2020).
An alternative is for the O VI to be produced via photoion-
ization. Assuming a log [N(H I)/cm−2] = 13.7, the PIE models
require oxygen abundance to be at least [O/H] ≥ −0.5, with a cor-
responding density lower limit of log [n(H ), cm−3] ≥ −5.0, with
higher densities requiring higher metallicites. The [O/H] thus es-
timated is assuming log [N(H I)/cm−2] = 13.7 corresponding to
the upper limit in the column density of the BLA. Lower values
of N(H I) for the BLA would require higher [O/H] for the O VI to
be recovered. The PIE model for the lower limit on density yields
a temperature of T = 4.9 × 104 K, which predicts a thermal line
width of b ∼ 7 km s−1 that is a factor of ∼ 4 less than the observed
b(O VI). The metallicity will have to be super-solar for the O IV to
be produced at detectable levels from this photoionized O VI phase.
This would also mean that the photoionized low and high phases
would have a metallicity gradient of more than an order of magni-
tude. Metallicity differences of as much as ∼ 1 dex between aligned
components have been reported before (Prochter et al. 2010, Tripp
et al. 2011, Crighton et al. 2013, Rosenwasser et al. 2018, Lehner
et al. 2019, Zahedy et al. 2019). The differences often stem from
the low and high ions tracing gas of different enrichment history,
particularly when the line of sight is probing material proximate
to galaxies where superwinds and AGN outflows can create patchy
metal distributions (e.g., Zonak et al. 2004, Veilleux et al. 2005).
An alternative explanation involves the intermediate ions tracing
photoionized gas, and the O VI (and some substantial fraction of
O IV) coming from a warm (T & 3 × 105 K) higher ionization
phase with a metallicity similar to the photoionized gas.
5 THE ZABS = 0.72885 ABSORBER
5.1 Characterization of the zabs = 0.72885 absorber
The system plot displaying the key transitions in this absorber is
shown in Figure 4A (the full version is available in Appendix Fig-
ure B2) and line measurements are given in Appendix Tables B3
and B4. The absorber has C III, O III, O IV, and O VI ions de-
tected at ≥ 3σ. Apparent column density comparison between
the detected lines is shown in the top panel of Figure 4B. The
O VI 1037 Å line is severely contaminated by O IV 787 from
z = 1.277 and Lyα from z = 0.475. We consider the absorption
at λ = 1784.05 Å as O VI 1031 Å. The feature is weaker and more
spread out compared to any of the other detected ions (see Na(v)
comparison of Figure 4B). Equivalent width estimation over the ve-
locity range in which absorption is seen shows the feature to be of
& 3σ significance.
A Voigt profile model recovers the same column density
as the integrated apparent column density with a b(O VI) =
61 ± 11 km s−1. In the absence of unidentified line contamination,
or unresolved component structure, which we cannot rule out, the
broader kinematic profile of O VI implies an origin in a separate
phase with T < 5.0 × 106 K compared with other metal ions and
H I which are considerably narrower and hence tracing cooler gas.
The Mg II λλ2796, 2803 lines covered by HIRES and the
C IV λλ1548, 1550 from STIS are non-detections. The absence of
Mg II in the higher S/N HIRES spectrum, is consistent with the
non-detections of C II, N II, O II and Si II in the COS and STIS
data, as all these ions possess similar ionization potentials. It fur-
ther alludes to the absence of a prominent high density (nH >
10−3 cm−3) low ionization phase in the absorber. Similarly, the
non-detections of C IV and N IV, despite the presence of a compar-
atively strong O IV, hints at non-solar [C/O] and [N/O] in the ab-
sorbing gas. The narrow weak feature coinciding with the expected
location of Ne VIII 770 is identified as N V 1238 from z = 0.075,
confirmed by the presence of H I 1215, and C IV λλ1548, 1550
lines from the same redshift.
The full range of Lyman series lines are covered by the com-
bined COS and STIS data. A simultaneous fit to these lines with a
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Figure 3C. Photoionization models for the zabs = 0.67556 absorber. On
the top panel is shown the model predictions (thin lines) and the observed
(thick lines) column density ratios between ions plotted against gas den-
sity. These ratios confine the gas density to the narrow range indicated by
the yellow strip. On the middle panel are predictions of column densities
(thin lines) along with their 1σ observed values (thick lines). The density
range allowed by the column density ratios is represented by the yellow
region. The elemental abundances in the models are varied to reproduce
the observed column densities from a single or nearly similar gas phases.
The ionization parameter (u) and line of sight thickness for a given density
are given by the top X-axis of the panels. The bottom panel shows column
density predictions from CIE models for different equilibrium temperatures.
The vertical dashed line in the bottom panel marks the temperature at which
the observed column density ratio between O IV and O VI is recovered by
the CIE models.
single component yields log [N(H I)] = 16.50 ± 0.02 cm−2 and
b(H I) = 26 ± 2 km s−1. The Lyα and Ly β features span a broad
kinematic range of −100 to 200 km s−1with the metals coinciding
in velocity with the stronger component. The weaker H I absorp-
tion at v ∼ +150 km s−1 is modeled using a single component pro-
file as shown in Figure 4A. While constraining the metallicity of the
absorbing gas, we consider the column density of H I that is coin-
cident with the metal lines. The obtained value of N(H I) is slightly
lower than the value quoted by Lehner et al. (2013) and Wotta
et al. (2016) (16.66 ± 0.05). We proceed with our measurement
which is constrained by a large number of Lyman transitions. The
b(H I) = 26 ± 3 km s−1 and b(O III) ∼ b(C III) = 17 ± 3 km s−1
yield a temperature of T = (0.8 − 4.3) × 104 K in this interme-
diate ion phase, which is two orders of magnitude lower than the
temperature upper limit implied by the broad O VI.
5.2 Ionization Models for the zabs = 0.72885 absorber
The PIE model predictions for this absorber are given in Figure
4C. The constraints imposed by the column density ratio between
O III, and O IV suggest the gas density to be nH = 7×10−4 cm−3,
if the two ions are predominantly from the same gas phase. The
observed ratio between C III and O III, both of which are measure-
ments from unsaturated lines, is also valid at this density when the
relative abundance is [C/O] = −0.8 ± 0.1 dex. The column den-
sity predictions from the PIE models yield an [O/H] = −2.0 ± 0.1
with the uncertainty in metallicity being a cumulative of the mea-
surement errors in H I and O III. At lower abundances, C III and
O III will be under-produced at all densities, whereas higher abun-
dances will not yield a model solution that explains the inter-
mediate ions. This phase with nH = 7 × 10−4 cm−3 results in
log N(H ) = 20.03 cm−2, T = 2.7 × 104 K, p/K = 18.3 cm−3 K
and L = 59.14 kpc. Lehner et al. 2013 estimate the absorber to
be a complex multi-phase system with the lower ionization phase
arising from nH < 1.26 × 10−3 cm−3 and [X/H] < −2.0. These
metallicity and density upper limits are consistent with the values
we infer. However, the solar [C/α] which they report is inconsistent
with our findings. They used the non-detection of Mg II to estimate
[C/α] while we use the detected C III to O III column density ra-
tio, which is nearly uniform in photoionized gas over five orders
of magnitude in density (see top panel of Figure 4C), and hence a
better tracer of relative elemental abundance.
The column density of O VI predicted from the PIE model
described above is an order of magnitude lower than its observed
value. The significantly broader O VI profile compared to the nar-
row metal ions and H I suggest the presence of an additional
gaseous component at T < 5×106 K. The H I in this highly ionized
phase should produce a BLA absorption with b(H I) < 280 km s−1.
The presence of such a broad H I is not evident in the Lyα, sug-
gesting that the feature could be too weak to be detected against
the strength of the absorption from cooler gas. Specific constraints
on this gas phase, such as its [O/H] or exact temperature cannot be
gleaned from the O VI profile alone.
From the analysis, one can only conclude that there is a
dominant cool photoionized medium in this absorber with [C/O]
∼ −0.8 dex, and a warm/hot phase traced by the O VI. The broad
O VI is similar to the T = (0.6−1.6)×106 K O VI reported in Sav-
age et al. (2010) where the broad Lyα absorption with a predicted
b(H I) ∼ 150 km s−1 was too weak to be detected. The absorber, in
that instance, was hypothesized as tracing either a hot intergalactic
gas filament or the circumgalactic medium of a pair of luminous
galaxies at impact parameters of ρ . 120 kpc.
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Figure 4A. System plot of the zabs=0.72885 absorber, with continuum-normalized flux along the Y-axis and the velocity scale relative to the redshift of the
absorber along the X-axis. The v = 0 km s−1, marked by the dashed-dotted vertical line, indicates the absorber redshift. The 1σ uncertainty in flux is indicated
by the blue curve at the bottom of each panel. The red curves are the best-fit Voigt profiles. The observed wavelength of each transition is also indicated in the
respective panels. Interloping features unrelated to the absorber are also labeled. The dashed green curves in the H I 1215 Å and H I 1025 Å panels show a fit
of the corresponding H I lines at z ∼ 0.730 and the blue curve shows the composite fit. The O IV 787 Å is severely contaminated by H I 1025 Å at z ∼ 0.327
and 0.328. The contamination was accounted for in the fit and is displayed as dashed blue and green curve in the panel.
6 THE ZABS = 1.09457 ABSORPTION SYSTEM
6.1 Characterization of the zabs = 1.09457 absorber
The system plot for the key transitions in the absorber is shown in
Figure 5A (the full version in Appendix Figure B3), and the AOD
and Voigt profile fit measurements are listed in Appendix Tables
B5 and B6. The combined COS and STIS spectra cover five suc-
cessive ionization stages of oxygen, viz., O II, O III, O IV, O V and
O VI in their multiple lines. Among these, barring O II, all the other
ions are detected at ≥ 3σ, with single component line profiles. The
non-detection of O II is consistent with the non-detections of C II,
Mg II, and Si II, all of which possess similar ionization potentials.
The C IV λλ1548, 1550 lines are well detected in the higher S/N
HIRES data. The single component absorption for C IV at 7 km s−1
resolution justifies the single component profile adopted for the
metal lines and H I in the HST data. The apparent column den-
sity profiles and their integrated values for the four O IV lines are
all within 0.1 dex of each other suggesting little unresolved satura-
tion in each of them (See Figure 5B and Table B5). A simultaneous
profile fit to these four lines offer a robust estimate on the column
density and b-parameter for O IV. Adopting the b-value of C IV
also yields good fit to the four O IV lines, with column density that
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Figure 4B. Apparent column density comparison of different detected species of the absorber at zabs = 0.72885. The high ions are plotted on the top panel
and the intermediate ions on the bottom panel. The figure on the right shows the velocity centroid of each line derived from profile fitting relative to the redshift
of the system. The b-parameter measured for the various ions are indicated within the parentheses.
is within 1σ of the free-fit value. The O V 629 line is strong and sat-
urated. The O V ion has previously been detected in only two other
intervening absorbers at z . 1 (Howk et al. 2009, Narayanan et al.
2011). The apparent column density integrated measurement for
O V is 0.54 dex lower than the column density obtained from a free
fit, suggesting line saturation that is unresolved. Though line pro-
file fitting corrects for saturation to some degree, we found that the
column density of O V can be varied by about ∼ 0.24 dex by chang-
ing the b-parameter over a permissible range yielding satisfactory
fits to the O V 629 line feature. The column density we therefore
adopt for O V is log[N(O V)] = 14.63 ± 0.24 cm−2. The N III 684
and 685 lines are detected, but both are severely contaminated.
A column density upper limit for N III is obtained by integrating
the N III 685 profile over the same velocity range as O III. The
N IV 765 is a marginal 3σ feature, whereas the N V λλ1238, 1242
lines covered by STIS are non-detections.
All other metal ions are non-detections or information on them
is severely obscured by line contamination. The region correspond-
ing to Ne VIII 770 line is contaminated by Lyα from an absorber
at z = 0.32773. The Ne VIII 780 line is a non-detection. The other
non-detections include C II, O II, Mg II, Al II, Si II, C II, Al III,
Si III, S IV, S V, S VI and Mg X. The non-detections of Ne VIII,
S VI and Mg X are an indication of the absence of hot collision-
ally ionized gas with T > 105.5 K, as these ions are diagnostic
of such thermal conditions. The C III 977 line appears strong, and
is covered by the G185M NUV grating of COS and the E230M
grating of STIS. The STIS spectrum however is at a very low S/N
of ∼ 3 per 10 km s−1 resolution. A single component free fit to
the C III 977 COS feature by adopting the b-value of C IV yields
log [N(C III), cm−2] = 14.16 ± 0.20 cm−2. However, for the satu-
rated line, this solution is not unique. We therefore adopt a conser-
vative lower limit of log N(C III) > 13.6 cm−2 obtained from the
AOD method. The detections of C III and O III, along with non-
detection of Si III point to non-solar [C/Si] and [O/Si] abundances.
The other significant non-detection is of He I 537 and 584 lines,
which puts an upper limit of log [N(He I), cm−2] < 13.0 cm−2.
The STIS and COS observations combined offer coverage of
a number of Lyman series lines. Though the Lyα is saturated, the
non-detection of higher order Lyman lines yield a measurement of
log[N(H I), cm−2] = 14.68 ± 0.15 with b(H I) = 25 ± 3 km s−1
obtained from a simultaneous Voigt profile fit to all the uncon-
taminated Lyman lines. The profile fit was done assuming a single
component, as there is no explicit evidence for additional compo-
nents in the metal lines or the H I that is kinematically coincident
with the metals. We also fit the additional three components seen in
Lyα from +125 to +350 km s−1 as shown in Figure 5A. The non-
detection of these components in Ly β serves as a good constraint
for fitting these lines. No metals lines are detected at this velocity.
The first among these offset components could potentially be trac-
ing warm gas as hinted by its broad b-parameter of ∼ 46 km s−1.
The absence of metal absorption at these offset velocities limits us
from exploring such a possibility further. The well detected oxy-
gen lines all have profiles similar to that of H I indicating that they
could all be tracing a kinematically homogeneous medium. The
centroid of metal lines and H I obtained from fitting are also within
|∆v | . 15 km s−1 of each other, with the differences primarily
coming from the lower S/N STIS spectra compared to HIRES and
COS (see Figure 5B). The H I column density is comparable to
the O IV column density, pointing at high [O/H] abundance, as the
photoionization models later reveal. The b-values of H I and metal
ions including their 1σ uncertainty suggest the temperature in the
absorber to be in the range T = (0.3 − 3.6) × 104 K.
6.2 Ionization Models for the zabs = 1.09457 absorber
Information on five successive ionization stages of oxygen in
this absorber offers robust constraints on the density, independent
of metallicity as well as the H I column density. In Figure 5C,
the observed column density ratios between the different ioniza-
tion stages of oxygen are compared with the model predictions.
The N(O III)/N(O IV) = −0.46 ± 0.08, the N(O IV)/N(O V) =
0.06 ± 0.19, and the N(O V)/N(O VI) = 0.6 ± 0.25 are valid for
densities within the range of nH = (0.3 − 1.1) × 10−3 cm−3. It
is unrealistic to expect a single uniformly photoionized medium to
simultaneously explain five ionization stages of oxygen. Assuming
that the kinematically coincident components are also co-spatial,
the range may be suggestive of the narrow density-temperature dif-
ferences that could be present in the absorber at scales unresolved.
At the spectral resolutions of the data, such small-scale inhomo-
geneity will get smoothed-out. The measurements only reveal inte-
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Figure 4C. Photoionization equilibrium models for the zabs = 0.728850
absorber. The model predicted ratio between column densities of various
ionic species at different densities is shown in the left panel, and the column
density predictions are in the right panel. The thick portions of each curve
represent the observed column density ratios with its 1σ uncertainty (left-
panel) and the measured column density (right-panel). The yellow region
marks the narrow density range that simultaneously satisfies the column
density ratios between the ions of oxygen. The abundances that are required
for the models to reproduce the observations are indicated in the panels. The
ionization parameter (u) and line of sight thickness for a given density are
given by the top X-axis of the panels.
grated column densities along the line of sight. Unlike the previous
two absorbers, there is no explicit evidence for the O VI to be trac-
ing a separate warm phase.
The oxygen abundance is constrained primarily by N(O III).
The observed N(O III) cannot be justified for [O/H] ≤ +0.2 at
any density. For [O/H] = +0.2 ± 0.2, the PIE models predict col-
umn densities of O III, O IV, O V and O VI that agree with their
respective observed values within the density range given by the
models based on the observed column density ratios. The uncer-
tainty in metallicity is a cumulative of the measurement errors
in H I and O III. The narrow density range also predicts the ob-
served C III to C IV and N III to N IV column density ratios. The
C IV column density, which is very well measured from the dou-
blet lines in the HIRES spectrum, require [C/O] = −0.2 ± 0.1 for
an origin from the same phase as the oxygen. For the same rea-
son, the observed N(N IV) require a [N/O] = −0.4 ± 0.4. The non-
detections of Ne, Mg, Si and S are also consistent with the predic-
1
Figure 5A. System plot of the zabs=1.09457 absorber, with continuum-
normalized flux along the Y-axis and the velocity scale relative to the red-
shift of the absorber along the X-axis. The v = 0 km s−1, marked by the
dashed-dotted vertical line, indicates the absorber redshift. The 1σ uncer-
tainty in flux is indicated by the blue curve at the bottom of each panel. The
red curves are the best-fit Voigt profiles. The observed wavelength of each
transition is also indicated in the respective panels. Interloping features un-
related to the absorber are also labeled. Due to the low S/N , a satisfactory
Voigt profile model is not obtained for C III 977. The dashed green curves
in the H I 1215 Å and H I 1025 Å panels show a three component fit of the
corresponding H I lines at z ∼ 1.096.
tions from the ionization models. For the density range of nH =
(0.3 − 1.1) × 10−3 cm−3, the PIE models predict a total hydrogen
column density in the range of log[N(H ), cm−2] = 18.61−17.89, a
gas temperature and pressure of T = (1.1−1.7)×104 K and p/K =
(4.8− 12.3) cm−3 K, over a path length of L = (4.7− 0.2) kpc. The
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Figure 5B. Apparent column density comparison of different detected species of the absorber at zabs = 1.09457. The high ions are plotted on the top panel
and the intermediate ions on the bottom panel. The figure on the right shows the velocity centroid of each line derived from profile fitting relative to the redshift
of the system. The b-parameter measured for the various ions are indicated within the parentheses.
temperature is within the (0.3−3.6)×104 K range predicted by the
separate b-values of H I and metal lines.
The non-detection of the He I 584 line can be used to estab-
lish an upper limit on the He abundance in the absorber. At the
mean density of nH = 0.7 × 10−3 cm−3, the neutral fraction
of H and He are fH I = 3.7 × 10−4, and fHe I = 8.6 × 10−5
respectively. Applying these ionization corrections to N(He I) <
1013.0 cm−2, and N(H I) = 1014.68 cm−2, we estimate a He abun-
dance of yp = N(He)/N(H) < 0.0892, and a He mass-fraction of
Yp = 4yp/(1 + 4yp) < 0.26304. The mass-fraction thus obtained
is consistent with the Yp = 0.24672 ± 0.00017 given by primordial
nucleosynthesis models (Pitrou et al. 2018), and CMB anisotropy
measurements (Planck Collaboration et al. 2016). Quasar absorp-
tion line measurements of gas with near-primordial chemical com-
position estimate the [He/H] mass fraction as 0.25+0.033−0.025 Cooke &
Fumagalli (2018).
7 THE ZABS = 1.16592 ABSORPTION SYSTEM
7.1 Characterization of the zabs = 1.16592 absorber
The system plot for the key transitions in the absorber is shown
in Figure 6A (the full version is Appendix Figure B4), and the
AOD and Voigt profile fit measurements are listed in Appendix Ta-
bles B7 and B8. Information on five different ionization stages of
oxygen are available for this absorber. The O III, O IV, O V and
O VI 1031 are > 3σ detections, whereas O II is a non-detection.
The O VI 1037 line predicted from a fit to the 1031 line is weak
and consistent with its formal non-detection in the STIS spectrum
with S/N ∼ 7 per 0.05 Å resolution. The O IV ion is detected in
four transitions. The O IV 554 line is contaminated by the interstel-
lar N I 1200. The integrated apparent column densities of the other
three uncontaminated O IV lines are within 0.1 dex of each other
indicating that unresolved saturation is nearly absent. The O V 629
also has only mild levels of unresolved saturation at the line core as
revealed by its 0.07 dex lower integrated apparent column density
compared to the profile fit. The non-detections of high ionization
state ions such as Ne VIII, and Mg X indicate the absence of warm-
hot temperatures (T > 105.5 K) and high degree of ionization char-
acteristic of collisionally ionized gas.
The O IV lines show asymmetry in the negative velocity por-
tion of their profiles, which is more evident in O V 629 (see Na(v)
comparison in Figure 6B). The excess absorption is also seen at
a lesser significance in the C IV λλ1548, 1550 lines detected by
HIRES. A two component model was therefore adopted to model
the metal lines. The mild excess absorption at the negative velocity
edge is not distinctly evident in the O VI 1031, 1037, C III 977 and
Si III 1206 lines covered by the noisier STIS data. For the O VI a
two component model still yields a satisfactory fit, but for C III and
Si III a single component was adequate.
The Lyman series absorption lines from Lyα to H I 930 cov-
ered by STIS are strong saturated lines. The COS coverage of Ly-
man transitions continue from H I 918, which are weak and the
higher order transitions are non-detections. The S/N of STIS spec-
tra is inadequate to know the exact kinematic substructure in H I.
Taking a cue from the metal lines detected by COS, we fit the H I
lines simultaneously with a two component model. The contribu-
tion from the two components is separately shown in the system
plot of Figure 6A. The free-fit positions the two H I components at
the same velocity as the components seen in the unsaturated metal
lines. The bulk of the absorption is dominated by the central com-
ponent. The v ∼ −25 km s−1 component has an H I column density
that is two orders of magnitude lower.
The metal lines all have similar b-values in each component of
the absorption (see right panel Figure 6B). For the negative velocity
component, b(H I) = 29 ± 3 km s−1 and b(O V) = 22 ± 7 km s−1
imply metal line broadening that is significantly non-thermal with
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Figure 5C. Photoionization equilibrium model for the zabs = 1.09457 ab-
sorber. On the left panel is the prediction for the ionic column density ratios
(thin lines) and their observed values (thick lines) plotted for various gas
number densities. The ratio between successive ions of oxygen limits the
plausible gas density to a narrow range indicated by the yellow strip. On the
right panel is the model-predicted column densities of various species (thin
lines) and their observed values (thick lines). The density range allowed by
the column density ratios is represented by the yellow region. The elemen-
tal abundances in the models are varied to reproduce the observed column
densities from similar gas phase. The ionization parameter (u) and line of
sight thickness for a given density are given by the top X-axis of the panels.
a temperature upper limit of T < 5.2 × 104 K (considering the 1σ
limits). For the stronger positive velocity component, the b(H I) =
21 ± 1 km s−1 and b(O V) = 10 ± 1 km s−1 result in T = (1.8 −
2.6) × 104 K.
The COS G130M spectrum covers He I 584 and 537 lines,
both of which are detections. The He I 584 line is contaminated
from −70 . v . −30 km s−1, and hence these particular pix-
els were de-weighted while profile fitting. The apparent column
density comparison between these two lines shown in bottom row
of Figure 6B shows unresolved saturation in the line core for the
stronger He I 584 line. By adopting the method given by Savage &
Sembach (1991), the AOD measured column density of He I will
be log Na(He I) = log Na(He I) 537 + ∆ log Na = 14.36+0.22 =
14.58, which is consistent with the log N(He I) = 14.48 ± 0.17 ob-
tained from simultaneous Voigt profile fitting of the two lines. The
detection of He I constrains the density in the absorber as discussed
in the next section 7.2.
7.2 Ionization Models for the zabs = 1.16592 absorber
The two components of the absorption are modeled separately. The
photoionization curves are shown in Figure 6C. The observed O III
to O IV, and O IV to O V column density ratios for the central com-
ponent are recovered by the PIE models over the density range
nH = (0.4 − 2.5) × 10−3 cm−3. The O V to O VI ratio require
slightly lower densities. Similar to the previous absorber, the range
in density can be suggestive of mildly different gas phases that
are kinematically adjacent contributing to the absorption. The con-
straints are however inadequate for modeling such a scenario with
multiple phases.
An [O/H] = −2.1 ± 0.2 is the minimum oxygen abundance
required to produce O III at the density of nH = 0.95×10−3 cm−3
corresponding to its peak ionization fraction. The uncertainty in
metallicity is a cumulative of the measurement errors in H I and
O III. The same oxygen abundance also produces the observed
O IV, O V and O VI within a density range of nH = (0.4 −
2.5) × 10−3 cm−3 as shown in Figure 6C. The observed column
density of Si III is also recovered within this density range for
[Si/H] = −2.0 ± 0.25. The observed C IV however requires [C/H]
= −2.4 ± 0.15 for the C IV to be originating from the same en-
vironment as the oxygen ions. For the density range of nH =
(0.4 − 2.5) × 10−3 cm−3, the models predict a total hydrogen
column density in the range log N(H ) = 20.60 − 19.70 cm−2,
a gas temperature and pressure of T = (2.3 − 3.4) × 104 K
and p/K = (14.7 − 57.5) cm−3 K, and path length thickness of
L = (296.2 − 6.5) kpc. The temperature given by the model agrees
with the T = (1.8−2.6)×104 K from the b-values of H I and metal
lines.
A more binding constraint on the density can be derived by
equating the (He/H) abundance in the absorber to its primordial
value. From the photoionization model we find that at nH =
0.4 × 10−3 cm−3 (log [nH , cm−3] = −3.36 ± 0.25), the
He and H ionization corrections of fHe I = 8.95 × 10−6 and
fH I = 8.27 × 10−5 result in (He/H) = 0.0843 which is close to
the primordial (He/H) = 0.085+0.015−0.011. The density thus obtained,
which is within the range predicted by the photoionization models
of the other ions, yield log N(H ) = 20.6 cm−2, T = 3.4 × 104 K,
p/K ∼ 14.7 cm−3 K, and L = 296.2 kpc.
The inferred length scale points at the absorption coming from
a photoionized phase occupying bulk of the CGM of a massive
galaxy (Muzahid 2014, Prochaska et al. 2011). A direct example
of galaxies possessing such a widely extended envelope of diffuse
gas has come from the pair QSO sightline observations by Muzahid
(2014) in which they arrived at a size of ∼ 330 kpc for the photoion-
ized O VI absorbing halo around a 1.2 L∗ galaxy. The absorption
along either sightlines with a transverse separation of 280 kpc sug-
gested a nearly coherent medium of high ionization gas with a pho-
toionization model predicted line of sight length scale of ∼ 700 kpc.
An alternative to such a large-scale CGM origin is for the absorp-
tion to be tracing a high column density node in the network of
intergalactic filaments and sheets, which typically possess a thick-
ness of several hundred kpc (Zhang et al. 1998). The estimated low
metallicity of ∼ 1/100-th of solar is consistent with such an origin
as well.
The blueward offset component with log [N(H I)/cm−2] =
14.69 ± 0.16 requires a higher metallicity of [X/H] = −1.2 ± 0.4
for the observed C IV, O IV, O V, and O VI to be produced in
the density range of nH = (1 − 6.3) × 10−4 cm−3. The models
predict a total hydrogen column density in the range log N(H ) =
19.42 − 18.50 cm−2, a gas temperature and pressure of T = (4.1 −
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Figure 6A. System plot of the zabs=1.16592 absorber, with continuum-normalized flux along the Y-axis and the velocity scale relative to the redshift of the
absorber along the X-axis. The v = 0 km s−1, marked by the dashed-dotted vertical line, indicates the absorber redshift. The 1σ uncertainty in flux is indicated
by the blue curve at the bottom of each panel. The red curves are the best-fit Voigt profiles. The observed wavelength of each transition is also indicated in the
respective panels. Interloping features unrelated to the absorber are also labeled. In the Lyman Panels, marked in green and blue are the two components of
H I.
2.9) × 104 K and p/K = (4.1 − 18.2) cm−3 K, and path length
thickness of L = (85.8 − 1.6) kpc. The temperature given by the
model agrees with the upper limit of T < 5.2 × 104 K obtained
from the b-values of H I and metal lines.
8 THE ZABS = 1.27768 ABSORPTION SYSTEM
8.1 Characterization of the zabs = 1.27768 absorber
The system plot covering important transitions is shown in Figure
7A (the full version is Appendix Figure B5) and the line measure-
ments are listed in Appendix Tables B9 and B10. The absorber is
displaced by ∆v = −6540 km s−1 from the emission redshift of the
quasar, which is only marginally higher than the statistical cut-off
of |∆v | ≤ 5000 km s−1 frequently adopted for associated absorbers
(Richards et al. 1999, Misawa et al. 2007). In the ionization mod-
elling section ahead (Sec 8.2), we consider the enhancement of the
ionization radiation due to the absorberâA˘Z´s possible proximity to
the background quasar.
The STIS spectrum covers H I lines from Lyα to H I 930.
Higher order Lyman lines are covered by COS. The lines higher
than H I 949 are non-detections. The Lyγ is strongly contaminated
by Lyα from z = 0.822. The unsaturated Ly β shows two velocity
components which when fitted simultaneously with Lyα gives a to-
tal H I column density of log N(H I) = 14.49 ± 0.19, which makes
it the O VI absorber with the lowest H I column density along this
sightline. The two component absorption is distinctly visible in the
narrower metal lines. The weak feature coincident with H I 949 is
most likely contamination as the simultaneous fitting reveals.
Oxygen is seen in O III, O IV, O V, and O VI ionization
stages. The weak O III and the multiple O IV lines also indicate
a two component structure identical to H I. The N and b of these
components in O IV are constrained from a simultaneous fit to the
O IV 554, O IV 608, and O IV 787 lines which are unsaturated. The
C IV λλ1548, 1550 lines in the high resolution HIRES data show
the two component structure to be narrow with b ∼ 10 km s−1 (re-
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Figure 6B. Apparent column density comparison of different detected species of the absorber at zabs = 1.16592. The high ions are plotted on the top panel
and the intermediate ions on the bottom panel. The figure on the right shows the velocity centroid of each line derived from profile fitting relative to the redshift
of the system. The b-parameter measured for the various ions are indicated within the parentheses.
fer to the Na(v) comparison in Figure 7B). The intermediate and
high ionization metal lines such as O IV, O V, O VI, Ne V, Ne VI,
and S VI seen at lower S/N and/or resolution by COS and STIS
are also likely to possess narrow b-values if they are tracing the
same gas phase. Indeed, the free-fit done for O IV does yield such
a result.
The positive velocity side of the O V 629 is contaminated by
N III from the z = 1.09457 absorber (refer Appendix Figure B3).
The contaminated region was excluded during profile fitting. The
O V line is saturated at the line core as shown by the 0.5 dex
lower column density from the AOD integration compared to the
profile fitting. We applied a two component profile for the satu-
rated O V by simultaneously fitting it with the well measured O IV.
Even so, the uncertainty in O V column density is likely to be
larger than what the profile fitting routine yields. The O VI 1031
line is strong and saturated. A two component model was used to
fit the O VI 1031 line by adopting the same b value as O IV for
the stronger and saturated component. The effect of line saturation
is reflected in the uncertainty in the column density which comes
out as ∼ 0.8 dex. The 1037 Å line of the O VI doublet is heavily
blended with Lyα at z = 0.945. The extent of contamination is
evident in the system plot (refer Appendix Figure B5) where the
expected 1037 Å profile is shown based on the Voigt model for the
O VI 1031 Å line.
The b parameters of the various metal lines are similar to
each other to within their 1σ uncertainty. The profile fit shows
the H I lines to be broader in comparison to metal lines. The
b(H ) ∼ 25 km s−1, b(O) ∼ b(C) ∼ 9 km s−1 imply the temper-
ature to be T ∼ 3.5 × 104 K in both components.
Additionally, there is detection of Ne V, and Ne VI where the
same velocity structure is evident. The COS spectra of these lines
show an asymmetry that is consistent with the presence of a second
component, albeit at a lower significance compared to the oxygen
ions. This is most likely due to the Ne absorption being intrinsi-
cally weaker due to the low cosmic abundance of Ne, and also the
decline in spectral resolution towards shorter wavelengths. There is
also detection of S VI 933 in the STIS data, but a sub-component
structure is not conspicuous at the lower S/N . The important non-
detections in the absorber include C II, C III, Si II, Ne VIII, Mg X
and He I.
8.2 Ionization Models for the zabs = 1.27768 absorber
The absorber is separated from the background quasar by ∆v =
−6540 km s−1. The difference in redshift between the absorber and
the quasar corresponds to a comoving separation of 105 Mpc.6
We assess whether the radiation from the background quasar plays
any role in the ionization by estimating its intensity at ∼ 910 Å
near the absorber redshift. The intrinsic emission from the quasar
is modeled by fitting a power-law continuum to the flux cali-
brated HST spectrum shifted to the quasar rest-frame. Using a
flat cosmology model with Ωm = 0.3 and H0 = 70 km s−1
Mpc−1, we obtain the intrinsic intensity near the Lyman limit to
be jν = (5.2 × 10−26) eτeff erg s −1 cm−2 Hz−1 sr−1 where τeff
is the effective optical depth between the quasar and the absorber
(see Appendix section A for a more detailed calculation). In com-
parison, the KS19 ionizing background has a 910 Å intensity of
6 estimated using Nick GnedinâA˘Z´s cosmology calculator for the flat uni-
verse https://home.fnal.gov/ gnedin/cc
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Figure 6C. Photoionization equilibrium model for the two components of zabs = 1.16592 absorber towards PG1522+101. The left panels display the PIE
model for the red component and the right panels display the PIE model for the blue component. The model of the red component assumes an abundance of
−1.8 solar for all elements and the model of the right component assumes an abundance of −1.2 solar for all elements. On the top is shown the model predicted
(thin lines) and the observed (thick lines) column density ratios of successive ionization stages of the same element. This ratio, independent of metallicity,
constrains the gas density in the absorber to a narrow range indicated by the yellow strip. On the bottom panels are the model-predicted column densities of
various species (thin lines), along with their observed values (thick lines), plotted against gas density. The density range allowed by the column density ratios
is represented by the yellow region. The elemental abundances in the models are varied to reproduce the observed column densities (as many as possible) from
a single phase. The ionization parameter (u) and line of sight thickness for a given density are given by the top X-axis of the panels. On the left bottom panel
are the range of abundances permitted by the photoionization models for the various elements. The pink zone shows the density range for which the primordial
He/H can be recovered.
jUVBν = 3.7 × 10−22 erg s −1 cm−2 Hz−1 sr−1. The quasar ioniz-
ing radiation at the location of the absorber is thus several orders
of magnitude weaker than the extragalactic UV background and is
therefore unlikely to have regulated the ionization in the absorber
in any significant way. We therefore proceed with the KS19 model
for the background radiation field.
In the PIE models, the two components of this absorber, sep-
arated by |∆v | ∼ 40 km s−1, are considered separately. The ob-
served N(C III)/N(C IV), N(O III)/N(O IV), N(O IV)/N(O V),
N(O V)/N(O VI) and N(Ne V)/N(Ne VI) are the principal mea-
surements constraining the density. The column density in either
component is well determined for all the ions except O V, and
O VI which have unresolved saturation and also S VI in which the
component structure is less evident because of the absorption be-
ing weak and at lower S/N . It can be noticed from the PIE col-
umn density ratio curves of Figure 7C that there is no common
density where these five column density ratios exactly overlap, in-
dicating that there exists a multiphase structure. In both compo-
nents, the O III to O IV, C III to C IV and O IV to O V ratios
roughly coincide at a density of nH ∼ 4.5 × 10−4 cm−3, whereas
the Ne V with Ne VI is recovered at nH ∼ 1.0 × 10−4 cm−3 for
solar abundance pattern. The O V to O VI ratio is less constrain-
ing because of the large uncertainty in both column densities. Yet,
the ratio with its 1σ cumulative error suggests lower densities of
nH ∼ (1 − 10) × 10−5 cm−3 if they are tracing photoionized gas.
The predictions from the PIE models for both components are
shown in the bottom panels of Figure 7C. Rather than a single
density, the column densities of all ions are recovered to within
their 1σ uncertainty if we consider the density range of nH =
(1 − 7) × 10−4 cm−3. It is possible that the absorbing medium
may not have uniform ionization throughout. Assuming that the
kinematically coincident components are also co-spatial, the line of
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Figure 7A. System plot of the zabs=1.27768 absorber, with continuum-normalized flux along the Y-axis and the velocity scale relative to the redshift of the
absorber along the X-axis. The v = 0 km s−1, marked by the dashed-dotted vertical line, indicates the absorber redshift. The 1σ uncertainty in flux is indicated
by the blue curve at the bottom of each panel. The red curves are the best-fit Voigt profiles. The observed wavelength of each transition is also indicated in the
respective panels. Interloping features unrelated to the absorber are also labeled.
sight is most likely probing a region with differences in ionization
parameter at small physical scales that are unresolved, resulting in
absorption from ions of different ionization levels roughly coincid-
ing in velocity space.
Such a photoionized medium requires [O/H] and [Ne/H] to
be solar and the [C/H] and [N/H] to be sub-solar. Oxygen and
Neon enrichment happens through Type II SN explosions involv-
ing ≥ 10 M stars (Iwamoto et al. 1999, Nomoto et al. 2006),
whereas C is returned into the ISM primarily through mass loss
during the AGB phase of intermediate mass stars (∼ 1−8 M) and
from Type Ia SNe (Thielemann et al. 1993, Chiappini et al. 2003).
The difference in stellar evolution time-scales between massive and
intermediate mass stars can give rise to sub-solar [C/O], especially
in a medium that is recently enriched. The absorbing gas could be
tracing such a medium of high metallicity primarily enriched via
contemporaneous Type II SN events.
Interestingly the O VI is barely explained by the above PIE
phase over the wide density range considered, indicating the pres-
ence of a distinct higher ionization phase. Due to line saturation,
the O VI b-parameter is not independently constrained. In deriving
the Voigt profile model, we have assumed b(O VI) ∼ b(O IV) ∼
b(C IV) ∼ 10 km s−1, which implies a maximum temperature of
T ∼ 9.8 × 104 K. If the O VI is tracing a phase separate from
O IV and C IV, the temperature of that phase will have to be
T < 4 × 105 K for the Ne VIII to remain a non-detection. Such
an upper bound on the temperature leads to b(O VI) < 20 km s−1
in either component.
To summarize, the absorption line information suggests the
presence of multiphase photoionized gas having nH = (1 − 7) ×
10−4 cm−3 and [O/H] ∼ 0.0 ± 0.2, with relative elemental abun-
dances favouring Type II SNe enrichment history. The uncertainty
in metallicity is a cumulative of the measurement errors in H I and
O III. No firm conclusions can be drawn on the origin of O VI or
the properties of gas it traces. The ion could be from a low den-
sity (nH . 10−5 cm−3) highly photoionized medium, or gas at
T ∼ (2 − 4) × 105 K where collisionial ionizations are dominant.
The multiphase nature and the symmetry between the profiles
of the two components raises the possibility that the line of sight
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Figure 7B. Apparent column density comparison of different detected species of the absorber at zabs = 1.27768. The high ions are plotted on the top panel
and the intermediate ions on the bottom panel. The figure on the right shows the velocity centroid of each line derived from profile fitting relative to the redshift
of the system. The b-parameter measured for the various ions are indicated within the parentheses. The S VI data is very noisy although it appears to have a
15km s−1 offset. The velocity separation between the two H I components is strongly influenced by the noisy 1025 line.
is passing through a biconical outflow such as superwind or su-
perbubble shell created by multiple supernovae. Such expanding
shells can give rise to warm/hot interface layers between the hot
(T ∼ 106 − 107 K) interior of the bubble and the outer shell of
cooler (T ∼ 104 K) interstellar gas swept-up by the supernovae
(e.gs., Heckman et al. 2000, Savage et al. 2001, Bond et al. 2001),
or between hot gas flowing alongside fragments within the shell.
The latter scenario was proposed by Heckman et al. (2001) to ex-
plain the absorption created by superwind driven material in the
starburst dwarf galaxy NGC 1705. The O VI was hypothesized as
due to mixing of the hot outflowing material and the cooler frag-
ments of swept-up material resulting in gas that is initially heated
to T > 3 × 105 K, and subsequently radiatively cooling. The O V,
O VI, Ne V and Ne VI in the z = 1.277 absorber can be from such
cooling interface gas with the lower ions tracing less ionized shells
or fragments. At T. 105 K, such gas would produce little Ne VIII,
consistent with what we observe.
9 DISCUSSION & SUMMARY OF RESULTS
We report on the physical and chemical properties of five multi-
phase absorbers from 0.67−1.28 towards the quasar PG 1522+101.
The HST /COS and STIS spectra of this sightline cover several im-
portant redshifted FUV and EUV metal absorption lines in addi-
tion to Lyman series lines, all of which serve as diagnostic of the
gas phases and abundances. The Keck/HIRES spectra provide ad-
ditional robust constraints through coverage of C IV and Mg II. The
results of photoionization modelling of the systems are summarized
in Table 2.
Surveys of O VI absorbers have previously reported an anti-
correlation between log [N(O VI)/N(H I)] and log N(H I). Sav-
age et al. (2014) explained this trend as due to the O VI in ab-
sorber samples spanning a significantly narrow range in column
density when compared to H I. A negative correlation is expected
from plotting 1/N(H I) against N(H I). However, it is also seen
from Figure 8 that the trend remains largely unaffected even when
the column density ratio of O VI to H I is plotted. This happens
due to the O VI column density remaining nearly a constant in ab-
sorbers spanning seven orders of magnitude in H I. Danforth &
Shull (2005) reason that this would be the case if O VI and H I are
tracing multiple gas phases. The O VI, in their empirical model,
comes from a shell-like ionized structure surrounding a low ion-
ization cloud possessing bulk of the H I. The arbitrary size of the
neutral cloud would imply that the H I column densities will be
different between absorbers while ionizations by energetic photons
and electrons would result in a highly ionized boundary layer of
similar O VI column densities across absorbers.
As shown in Figure 8, the O VI to H I column density ratio
in our sample follows the anti-correlation trend with H I similar
to previous studies. The consistently well measured log N(O III)
and log N(O IV) sample a combined narrow range of 13.2 − 15.0
compared to log N(H I) ∼ 14.4 − 16.5. The O VI in the absorber
at z = 1.27768 is not well constrained and thus the upper end of
the range of log N(O VI) in our sample is not accurately estab-
lished. We find that both N(O III)/N(H I) and N(O IV)/N(H I) obey
the anti-correlation with N(H I) (Spearman’s rank correlation ρ =
-0.85, p = 0.00023). The non-detections of C II, O II, and Si II in-
dicate that the gas is at intermediate to moderately high ionization
levels. The observed anti-correlation trend is therefore more likely
due to inefficient mixing of metals with gas. As Schaye et al. (2007)
argue, metals displaced from galaxies could be confined to patchy
zones within larger H I clouds of the CGM or IGM. Observations
sampling such regions will yield a wide range for the column densi-
ties of H I depending on the absorber environment and the arbitrary
line of sight probing it. From ionization models we derive an over-
abundance of oxygen relative to carbon in all the absorbers with
[C/O] in the range of 0.0 ± 0.4 to −0.8 ± 0.1 relative to solar sug-
gesting that the gas has preferentially been enriched by feedback
from Type II SNe (Telfer et al. 2002). Despite this, the metallicity
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Figure 7C. Photoionization equilibrium model for both components of the zabs = 1.27768 absorber towards PG1522+101. The left panels display the PIE
model for the blue component and the right panels display the PIE model for the red component. On the top is shown the model predicted (thin lines) and
the observed (thick lines) column density ratios of successive ionization stages of the same element. This ratio, independent of metallicity, constrains the gas
density in the absorber to a narrow range indicated by the yellow strip. On the bottom panels are the model-predicted column densities of various species (thin
lines), along with their observed values (thick lines), plotted against gas density. The density range allowed by the column density ratios is represented by the
yellow region. The elemental abundances in the models are varied to reproduce the observed column densities (as many as possible) from a single phase. The
line of sight thickness for a given density is given by the top X-axis. On the left bottom panel are the range of abundances permitted by the photoionization
models for the various elements.
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being low for the z = 0.67556, z = 0.72885 and z = 1.16592 ab-
sorbers can be due to poor mixing of gas and metals. The lowest
metallicity absorbers in our sample are indeed partial Lyman limit
systems (see Figure 9). Their low metallicities are consistent with
one of conclusions of the COS CGM Compendium (CCC) survey
(Wotta et al. (2016)) that more than half the pLLS systems at z . 1
have [X/H] < −1.0. Depending on the amount of neutral hydrogen
present along a line of sight, inferred metal abundances can turn out
as high or low, for a clumpy distribution of metals. This would also
mean that metallicities of CGM gas inferred from moderate reso-
lution absorption line studies cannot be used as a definitive marker
to distinguish inflows of gas into galaxies, which are necessarily
metal poor, from feedback driven metal-rich outflows. Additional
information from the kinematics of the absorbing gas, comparison
with the ISM metallicities of galaxies in close proximity, and their
orientation with respect to the line of sight are needed to draw con-
clusions on the physical origin of the absorbing gas (e.g., Nielsen
et al. 2015, Lan & Mo 2018, Kacprzak et al. 2019).
Based on the observed trend of declining gas column den-
sities with increasing galaxy impact parameters, Prochaska et al.
2011 had proposed that strong Lyα (Wr > 300 mÅ) and O VI
(Wr > 70 mÅ) preferentially trace gas linked to the CGM of
L > 0.1L∗ galaxies, than the intergalactic clouds of the cosmic
web. The H I and metal absorption in intervening systems are
also often associated with the multiphase CGM of dwarf galax-
ies, though the halo covering fractions of gas of various ionization
are found to be lower in dwarfs compared to more massive systems.
Johnson et al. (2015) estimated that as much as 20% of the O VI ab-
sorption at low redshift (z ∼ 0.2) can potentially be from the CGM
of star-forming field dwarf galaxies (107.7 < (M∗/M) < 109.2).
Similarly, the COS-Dwarfs study found that ∼ 60% of C IV ab-
sorbers with Wr > 0.1 Å are statistically consistent with trac-
ing the CGM of dwarfs (M∗ < 1010 M , Bordoloi et al. 2014).
Such photoionized CGM gas with H I column densities in the sub-
Lyman limit ranges (15.0 < log [N/cm−2] < 18.0) possess a wide
range of metallicities from near-pristine to super-solar, due to the
diverse processes that are at work at the interface regions of galax-
ies with the IGM (Werk et al. 2014, Keeney et al. 2017, Lehner
et al. 2019, Wotta et al. 2019). The absorbers in our sample have
metal and H I equivalent widths and column densities that support
close association (ρ < Rvir ) with galaxies than the IGM. Among
them, the metal-poor absorbers (z = 0.67556, 0.72885, 1.16592)
could potentially be tracing clouds of large H I column resulting
in diluted inferred metal concentrations along the line of sight. The
farthest absorber (z = 1.27768) has strong and saturated O VI with
log N(O VI) & 14.6, and strong O V as well. Such strong O VI
absorbers are closely associated with the extended environments
of star forming galaxies of wide mass ranges (Chen & Mulchaey
2009, Wakker & Savage 2009, Tumlinson et al. 2011, Johnson et al.
2015, Bielby et al. 2019, Rudie et al. 2019).
Straightforward evidence for a warm thermal phase is only
present in two out of five absorbers in our sample. The first is the
z = 0.67556 absorber where the O IV and O VI are displaced in ve-
locity from the C III, O III, and H I with the simplest explanation
for O VI in this case being collisional ioniziation atT ∼ 2.5×105 K,
at which its ionization fraction peaks. The other is the z = 0.72885
absorber where the broader line width of O VI compared to O IV,
O III, and H I clearly indicates a higher phase with a T < 5 × 106 K
associated with a very broad BLA that is undetected. In rest of
the absorbers, photoionization by the UV background is a feasi-
ble mechanism for the production of O VI and lower ionization
metals. Here we note that Zahedy et al. (2019) had found simi-
lar differences in centroid velocities and line widths between O VI
and low ions in some of the absorbers identified with the halos of
Luminous Red Galaxies (LRGs). Their estimates show that these
massive ellipticals (M∗ > 1011 M) retain CGM mass compara-
ble to that of star-forming massive galaxies. The density predic-
tion from PIE models based on intermediate and high ions as con-
straints comes out in the range of nH ∼ (1 − 25) × 10−4 cm−3.
The range indicates that the line of sight is probing a multiphase
medium, though the exact density-temperature structure is blurred
at the resolution of COS. Roca-Fábrega et al. (2019) show that the
ionization of the CGM (and the origin of O VI) is redshift depen-
dant, with photoionization playing a dominant role in the epochs
between 0.5 . z . 2 due to the enhanced intensity of the extra-
galactic UV background following the peak in cosmic AGN activity
and star-formation rates. On the other hand, collisional ionization
is predominant at the very high (z & 2) and very low (z < 0.5) red-
shift epochs. Their simulations further show that photoionization
tends to dominate the production of O VI in low mass halos (halo
virial mass of Mh . 1010 M), and even the outskirts of high-mass
galaxies. Thus, it is possible for the photoionized absorbers in our
sample to have a circumgalactic origin.
Finally, we comment on the non-detection of Ne VIII in all
five absorbers presented here. The presence of Ne VIII in O VI ab-
sorbers have been decisive in revealing the presence of gas with
T ∼ (0.5 − 1.5) × 106 K associated with the IGM and the gaseous
halos of luminous galaxies (Savage et al. 2005, Savage et al. 2011,
Narayanan et al. 2011, Tripp et al. 2011, Meiring et al. 2013, Hus-
sain et al. 2015, Qu & Bregman 2016, Pachat et al. 2017, Bor-
doloi et al. 2017, Rosenwasser et al. 2018, Burchett et al. 2019).
Based on a small sample of Ne VIII detections in O VI absorbers,
Narayanan et al. (2009) had predicted the redshift number den-
sity of Ne VIII systems to be ∼ 1/7 × dN(O VI)/dz ∼ 2.1 at
z < 0.5. Through agnostic stacking 7 of absorption lines along
26 high S/N COS spectra, Frank et al. (2018) arrive at a similar
dN/dz ∼ 1.38 (+0.97,−0.82) for the interval 0.47 . z . 1.34. On
the other hand, Burchett et al. (2019), from a search for Ne VIII
in the CGM of 29 galaxies over a similar redshift path, found 9
Ne VIII detections (with all of them also having O VI), arriving at
a higher value dN/dz ∼ 5.
The absorbers in the PG 1522 + 101 sightline presented here
cover a redshift path length of ∆z = 0.60218. If we adopt the dN/dz
∼ 5 from Burchett et al. (2019), we expect three Ne VIII detections
with log [N(Ne VIII)/cm−2] > 13.0 along this sightline. On the
other hand, the dN/dz = 1.38 from Frank et al. (2018) predict no
Ne VIII detection, consistent with what we find for the pathlength
probed. The column density upper limit of log N . 13.7 from the
non-detection of Ne VIII in the five absorbers presented here im-
plies T < 106 K, since for temperatures larger than that, we expect
N(Ne VIII) > N(O VI), for solar [Ne/O]. The absence of Ne VIII
could mean that the line of sight towards the PG 1522 + 101 may
not be passing through the hot components of the WHIM or the dif-
fuse hot coronal halos of galaxies at the absorber redshifts, though
some of these could still be probing the warm (T ∼ 105 K) and the
photoionized phases of the CGM and IGM.
A summary of the key results are as follows :
7 Presuming every absorption feature to be a Ne VIII 770 Å line, stacking
them in the rest frame of the absorber, and searching for Ne VIII 780 Å
feature in the stacked spectrum.
8 ∆z is taken as the difference between the lowest and highest redshift ab-
sorber in our sample, i.e., δz = 1.2776 − 0.6755
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(i) We present the absorption line properties and ionization anal-
ysis of five O VI absorbers in the combined HST /COS, HST /STIS,
and Keck/HIRES spectra of PG 1522+ 101. A range of metal lines
including successive ionizations of oxygen (O II to O VI), C II,
Mg II, Si II, C III, Si III, C IV, Si IV, Ne V, Ne VI, Ne VIII, Mg X
etc are covered. Three of the absorbers also cover the redshifted
EUV lines of He I 584.334, 537.029 Å, in one of which it is a
> 3σ detection.
(ii) A prominent high density (nH & 10−3 cm−3), low ioniza-
tion phase is absent in all the five absorbers as revealed by the non-
detections of C II, O II, N II, Mg II and Si II. In four out of the five
absorbers, the column densities of oxygen ions follow a trend of
N(O IV) > N(O III) > N(O VI).
(iii) The metal ions and H I show simple kinematic structures
of only one or two sub-components. The presence of a collisionally
ionized warm (T ∼ 105 K) phase can be deduced directly from the
data in the z = 0.675 and z = 0.728 absorbers in which the O VI
is broader and has a significant velocity offset with O III and H I.
In the z = 1.095 absorber, all observed ions, including O VI, are
consistent with photionization in a medium with a narrow range of
densities. In the remaining two absorbers, the ionization origin of
O VI is ambiguous.
(iv) Photoionization equilibrium models require densities
spread over the range nH ∼ 10−4 − 10−3 cm−3 to explain the
observed C III, O III, C IV, and O IV column densities suggest-
ing that the absorbing medium does not have uniform ionization
throughout.
(v) The observed column densities of O III, O IV, and O VI
in all the absorbers are in the relatively narrow ranges of
log[N/cm−2] = [13.2, 14.4], [13.9, 15.0], and [13.9, 15.6] respec-
tively, whereas the H I column density spans a much wider range
of [14.1 − 16.5], resulting in [O/H] values as varied as 1/100-th
of solar to super-solar. Ionization models also predict an overabun-
dance of oxygen relative to carbon in all the absorbers with [C/O]
in the range of 0.0 ± 0.4 to −0.8 ± 0.1 suggesting that the gas has
preferentially been enriched by feedback from Type II SNe. The
z = 0.67556, z = 0.72885 and z = 1.16592 absorbers with the
lowest [O/H] also have the highest H I column densities, indicating
that the inferred low metallicities could be due to poor mixing of
gas and metals on small scales.
(vi) The He I 537, 584 Å lines are detected in the z = 1.16592
absorber with N(He I) = 14.47 ± 0.16. Intergalactic He I lines
have been detected in only two other instances (Reimers & Vo-
gel 1993, Cooke & Fumagalli 2018). This absorber is the low-
est redshift He I detection known till date. The observed He I to
H I column density ratio along with the primordial (He/H) abun-
dance places a strong constraint on the gas density in this absorber.
This absorber is found to be tracing metal poor gas with [O/H]
= −1.9 ± 0.2. The He I lines are undetected in the z = 1.09457
and z = 1.27768 absorbers, for which the suggested upper limits
on He-mass fraction are consistent with the primoridal nucleosyn-
thesis value.
(vii) The Ne VIII and Mg X ions are non-detections, pointing to
the absence of hot gas with T > 105.5 K. The absence of Ne VIII
could mean that the line of sight towards the PG 1522 + 101 may
not be passing through the hot components of the WHIM or the dif-
fuse hot coronal halos of galaxies at the absorber redshifts, though
some of these could still be probing the warm (T ∼ 105 K) and the
photoionized phases of the CGM and IGM.
Figure 8. The top panel shows the observed O VI to H I column density ra-
tio against the H I column density. Data points are taken from Savage et al.
2014 and Lehner et al. 2014. The dash-dot line is a power law fit to the
data, identical to the one given by Danforth & Shull 2005 formalizing the
trend seen between log [N (O VI)/N (H I)] and log [N (H I)]. Measure-
ments on the five absorbers in our sample closely follows the trend. The
dash line represents the negative correlation from plotting 1/N(H I) against
N(H I) for a constant N(O VI) = 1014. The DS05 curve and the data points
closely follow this trend as O VI is roughly constant in 7 orders of magni-
tude of N(H I). The bottom panel shows the observed anti-correlation be-
tween O III to H I column density ratio and N(H I), and O IV to H I column
density ratio against the H I column density (ρ = -0.85, p = 0.0023). The
anti-correlation comes about as a result of Oxygen ionization column den-
sity in samples of absorbers spanning a much narrower range compared to
H I, which can be interpreted as evidence of poor mixing of metals with am-
bient gas assuming that the kinematically coincident components are also
co-spatial.
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zabs log N(HI) nH log NH p/k T L Origin of [O/H] [C/O]
(cm−2) (cm−3) (cm−2) (K cm−3) (K) (kpc) O VI
0.67556 15.87 ± 0.04 (1.6 − 7.1) × 10−4 19.93 − 19.20 4.6 − 15.9 (2.9 − 2.2) × 104 172.4 − 7.2 CI −0.9 ± 0.1 −0.5 ± 0.2
0.72885 16.50 ± 0.02 (5.0 − 8.9) × 10−4 20.15 − 19.86 14.3 − 22.3 (2.8 − 2.5) × 104 92.2 − 26.1 CI −2.0 ± 0.1 −0.8 ± 0.1
1.09457 14.68 ± 0.15 (2.8 − 11.2) × 10−4 18.61 − 17.89 4.8 − 12.3 (1.7 − 1.1) × 104 4.7 − 0.2 PI +0.2 ± 0.2 −0.2 ± 0.1
1.16592(-25) 14.69 ± 0.16 (1 − 6.3) × 10−4 19.42 − 18.50 4.1 − 18.2 (4.1 − 2.9) × 104 85.8 − 1.6 PI/CI −1.2 ± 0.2 0.0 ± 0.4
1.16592(1) 16.52 ± 0.11 (4.4 − 25.1) × 10−4 20.60 − 19.70 14.7 − 57.5 (3.4 − 2.3) × 104 296.2 − 6.5 PI −2.1 ± 0.2 −0.3 ± 0.2
1.27768(0) 14.31 ± 0.09 1.4 − 7.9 × 10−4 18.73 − 17.81 3.3 − 10.8 (2.3 − 1.4) × 104 12.3 − 0.3 PI/CI 0.0 ± 0.2 −0.4 ± 0.2
1.27768(39) 14.09 ± 0.11 1.3 − 7.1 × 10−4 18.56 − 17.63 3.0 − 9.5 (2.4 − 1.3) × 104 9.4 − 0.5 PI/CI 0.0 ± 0.3 −0.2 ± 0.3
Table 2. Summary of phase solution results from Photoionization Modelling of absorbers. The first column indicates the absorber redshift (zabs ). Successive
columns correspond to the logarithm of neutral hydrogen column density (log N (H I)) measured from Lyman series lines, the logarithm of total hydrogen
column density (log NH ), the solution phase gas density (nH ), gas pressure (p) normalized by k, photoionization equilibrium temperature (T), the path length
(L) of the absorber along the sightline indicating the size of the absorber in kpc, and the possible origin scenario that could give rise to the observed O VI. The
final two columns indicate the obtained relative abundance of Carbon to Oxygen, [C/O] and the abundance of Oxygen [O/H] in each absorber respectively. We
note that the values quoted are extracted from the photoionization models of each indvidual absorber. The [O/H] has an additional systematic uncertainty of
∼ 0.5 dex coming from the generic EBR model (Howk et al. 2009).
1
Figure 9. The panel on the left shows the trend between the inferred abundance of oxygen from PIE models and the H I column density for each absorber in
our sample. Metals confining to small physical scales results in low values of inferred metallicity in higher H I column density systems, which also leads to
large values for inferred path length sizes for the absorbers from the PIE models (right panel).However we note that components that are close-by in velocity
need not be co-spatial.
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APPENDIX A: ESTIMATING THE IONIZATION DUE TO
QUASAR FLUX AT Z = 1.277
Since the z = 1.27768 absorber is close to QSO emission redshift
of zem = 1.328, it is important to estimate whether the ionizing
radiation (λ < 912 Å) from the QSO is going to have a significant
impact on the absorber compared to the ionization brought about
by the diffuse extragalactic UV background. The details of such a
calculation is provided here.
The angle averaged specific intensity ( jν0 in units
erg s−1 cm−2 Hz−1 sr−1) of the radiation received by the
absorber at zabs from QSO at zem is given by,
jν0 =
LQSOν
(4pi∆DL)2
e−τeff (ν0, zem, zabs) (A1)
where Lν0 is the specific intensity of the QSO radiation at frequency
ν0 (in units of erg s−1 cm−2 Hz−1), ∆DL = DL(zem) − DL(zabs)
where DL is the luminosity distance, and τeff(ν0, zem, zabs) is the
effective optical depth suffered by ionizing photons travelling from
zem to zabs which was emitted at frequency ν = (1 + zem)ν0/(1 +
zabs). The intensity of QSO radiation LQSOν at frequency ν can be
obtained using flux calibrated COS QSO spectrum fν ,
LQSOν = fν4piD2L(zem)eτeff (ν
′, zem, 0) (A2)
where τeff(ν′, zem, 0) is the effective optical depth suffered by ion-
izing photons travelling from zem to z = 0 which was emitted at
frequency ν = ν′(1 + zem). Therefore, combining Eq. A1 and A2,
jν0 =
fνD2L(zem)
4pi(∆DL)2
eτeff (ν′, zabs, 0). (A3)
One can compare this jν0 to the one from extra-galactic UV back-
ground, however the spectral slopes of both can be different. There-
fore, comparing the H I photoionization rates (ΓHI) is more intu-
itive. The ΓHI is defined as
ΓHI =
∫ ∞
νth
dν0
4pi jν0
hν0
σHI(ν0) , (A4)
where, νth is a threshold frequency for ionization of H I, h is the
Planck’s constant, and σHI is the photoionization cross-section of
hydrogen.
To crudely estimate an order of magnitude contribution from
the QSO, we ignore the frequency dependence of the τeff in Eq A3
and use power-law fits to the flux calibrated rest frame QSO
spectrum fν = fνth (ν/νth)−α and photoionization cross-section
σHI(ν0) = σHI(νth)(ν0/νth)−β which simplifies Eq. A4 to
ΓHI ≈
fνthσHI(νth)D2L(zem)
h(α + β)(∆DL)2
eτeff (ν′, zabs, 0), (A5)
We fit a power-law to the rest frame QSO spectra (zem =
1.328) at λ < 890 Å which is equivalent of fitting power law QSO
spectra at λabs < 912 Å at the absorber redshift zabs = 1.28. We
obtain α = 3.13 and fνth = 1.43 × 10−27 erg s−1 cm−2 Hz−1.
Using the value of β = 3, σHI(νth) = 6.3 × 10−18 cm2 and lu-
minosity distances obtained assuming flat cosmology parameters
(Ωm = 0.3, ΩΛ = 0.7 and H0 = 70 km s−1 MPc−1) we obtain
ΓHI ≈ 10−16 eτeff (ν′, zabs, 0) s −1 which is lower by four orders of
magnitude than the fiducial value obtained using the KS19 extra-
galactic UV background at zabs.
Given the fact that there are no DLAs along the sight-line and
the contribution from IGM opacity to eτeff is quite small at z < 1,
the extragalactic UVB dominates the ionizing radiation received
by abasorber over the radiation from QSO by orders of magnitude.
Therefore we safely ignore the QSO contribution during the PIE
modelling of this absorber.
APPENDIX B: ABSORPTION LINE MEASUREMENTS
AND ABSORPTION SYSTEM VELOCITY PLOTS
The appendix contains full system plots of each absorber (See Fig-
ures from B1 to B5) and the line measurements of all detected and
covered species in each of the systems (See Tables from B1 to B10)
This paper has been typeset from a TEX/LATEX file prepared by the author.
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1
Figure B1. System plot of the zabs=0.67556 absorber, with continuum-normalized flux along the Y-axis and the velocity scale relative to the redshift of the
absorber along the X-axis. The v = 0 km s−1, marked by the dashed-dotted vertical line, indicates the absorber redshift. The 1σ uncertainty in flux is indicated
by the blue curve at the bottom of each panel. The red curves are the best-fit Voigt profiles. The observed wavelength of each transition is also indicated in the
respective panels. Interloping features unrelated to the absorber are also labeled.
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Figure B2. System plot of the zabs=0.72885 absorber, with continuum-normalized flux along the Y-axis and the velocity scale relative to the redshift of the
absorber along the X-axis. The v = 0 km s−1, marked by the dashed-dotted vertical line represents the absorber redshift. The 1σ uncertainty in flux is the blue
curve at the bottom of each panel. The red curves are the best-fit Voigt profiles. The observed wavelength of each transition is also indicated in the respective
panels. The dashed green curves in the H I 1215 Å and H I 1025 Å panels show a fit of the corresponding H I lines at z ∼ 0.730 and the blue curve shows the
composite fit. The O IV 787 Å is severely contaminated by H I 1025 Å at z ∼ 0.327 and 0.328. The contamination was accounted for in the fit and is displayed
as dashed blue and green curve in the panel.
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Figure B3. System plot of the zabs=1.09457 absorber, with continuum-normalized flux along the Y-axis and the velocity scale relative to the redshift of the
absorber along the X-axis. The 1σ uncertainty in flux is indicated by the blue curve at the bottom of each panel. The red curves are the best-fit Voigt profiles.
The observed wavelength of each transition is also indicated in the respective panels. The dashed green curves in the H I 1215 Å and H I 1025 Å panels show
a three component fit of the corresponding H I lines at z ∼ 1.096. The absorption seen at the location of C II 1334 in the FOS data is Galactic Mg II 2796. The
C II ion is a non-detection as seen from the C II 1036 panel. Similarly, the strong absorption in the Ne V 568 panel is Galactic Si II 1190.
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Figure B4. System plot of the zabs=1.16592 absorber, with continuum-normalized flux along the Y-axis and the velocity scale relative to the redshift of the
absorber along the X-axis. The v = 0 km s−1, marked by the dashed-dotted vertical line, indicates the absorber redshift. The 1σ uncertainty in flux is indicated
by the blue curve at the bottom of each panel. The red curves are the best-fit Voigt profiles. The observed wavelength of each transition is also indicated in the
respective panels.
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1
Figure B5. System plot of the zabs=1.27768 absorber, with continuum-normalized flux along the Y-axis and the velocity scale relative to the redshift of the
absorber along the X-axis. The v = 0 km s−1, marked by the dashed-dotted vertical line, indicates the absorber redshift. The 1σ uncertainty in flux is indicated
by the blue curve at the bottom of each panel. The red curves are the best-fit Voigt profiles. The observed wavelength of each transition is also indicated in the
respective panels.
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Table B1. Line measurements for the zabs = 0.67556 absorber towards
PG 1522+ 101 with the successive columns indicating the equivalent width
in the rest-frame of the absorber, the column density measured using the
AOD method, or the Voigt profile measured column density and Doppler b
parameter. The final column shows the velocity range over which the equiv-
alent width and apparent column densities were integrated, or the velocity
centroid for the profile-fitted absorption components. For lines that are not
detected with a significance of ≥ 3σ, upper limits are quoted for the equiva-
lent width and the corresponding column density is obtained from the linear
part of the curve of growth. The H I 926 line suffers from contamination. c
- contaminated lines.
Line Wr(mAo) log[N (cm−2)] b (km s−1) v (km s−1)
H I 1215 > 635 > 14.4 [−145, 95]
H I 1025 > 451 > 15.3 [−110, 85]
H I 972 346 ± 8 15.52 ± 0.04 [−110, 85]
H I 949 298.4 ± 9 15.73 ± 0.03 [−110, 85]
H I 937 212 ± 8 15.75 ± 0.02 [−110, 85]
H I 930 166 ± 8 15.80 ± 0.01 [−110, 85]
H I 926 213 ± 7 16.11 ± 0.01 [−110, 85]
H I 923 112 ± 8 15.90 ± 0.02 [−110, 85]
H I 920 81 ± 8 15.89 ± 0.02 [−110, 85]
H I 919 84 ± 9 16.02 ± 0.02 [−110, 85]
H I 918 < 25 < 15.5 [−110, 85]
H I 917 < 25 < 15.6 [−110, 85]
H I 15.87 ± 0.04 36 ± 2 -28 ± 3
H I < 13.7 < 64 1 ± 8
C II 1334c < 197 < 14.1 [−80, 70]
C II 1036 < 34 < 13.4 [−80, 70]
C III 977 236 ± 7 13.82 ± 0.02 [−80, 70]
C III 13.90 ± 0.10 33 ± 6 -10 ± 4
C IV 1548 291 ± 15 14.01 ± 0.03 [−80, 70]
C IV 1550 137 ± 15 13.89 ± 0.04 [−80, 70]
C IV 13.83 ± 0.25 33 ± 8 -12 ± 18
N II 915 < 22 < 13.3 [−80, 70]
N III 989 < 29 < 13.5 [−80, 70]
N IV 765c < 192 < 14.03 [−80, 70]
N V 1238 < 86 < 13.6 [−80, 70]
N V 1242 < 77 < 13.8 [−80, 70]
O II 834 < 18 < 13.3 [−80, 70]
O III 702 98 ± 6 14.33 ± 0.01 [−80, 70]
O III 832 130 ± 5 14.42 ± 0.01 [−80, 60]
O III 14.43 ± 0.07 36 ± 6 -15 ± 6
O IV 787 210 ± 6 14.83 ± 0.02 [−80, 70]
O IV 14.97 ± 0.16 33 ± 8 1 ± 5
O VI 1031 171 ± 9 14.28 ± 0.02 [−80, 70]
O VI 1037 93 ± 11 14.25 ± 0.04 [−80, 70]
O VI 14.31 ± 0.10 39 ± 11 1 ± 8
Table B2. Table of line measurements for the z=0.67556 absorber towards
PG 1522 + 101, continued from Table B1. c - contaminated lines.
Line Wr(mAo) log[N (cm−2)] b (km s−1) v (km s−1)
Ne VIII 770 < 15 < 13.4 [−80, 70]
Ne VIII 780 < 21 < 13.8 [−80, 70]
Mg II 2796 < 27 < 11.8 [−80, 70]
Mg II 2803 < 26 < 12.0 [−80, 70]
Al III 1862 < 53 < 12.8 [−80, 70]
Al III 1854 < 56 < 12.5 [−80, 70]
Si II 1526 < 43 < 13.2 [−80, 70]
Si II 1260c < 117 < 13.0 [−80, 70]
Si II 1193c < 221 < 13.7 [−80, 70]
Si II 1190c < 333 < 13.8 [−80, 70]
Si II 989 < 29 < 13.2 [−80, 70]
Si III 1206 < 108 < 12.7 [−80, 70]
Si IV 1393c < 204 < 13.5 [−80, 70]
Si IV 1402c < 351 < 14.2 [−80, 70]
S IV 748 < 12 < 12.6 [−80, 70]
S V 786c < 77 < 13.1 [−80, 70]
S VI
944c
< 46 < 13.6 [−80, 70]
S VI 933 < 23 < 12.8 [−80, 70]
Fe II 2600 < 22 < 12.2 [−80, 70]
Fe II 2382 < 23 < 12.1 [−80, 70]
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Table B3. Line measurements for the zabs = 0.72885 absorber towards
PG 1522+ 101 with the successive columns indicating the equivalent width
in the rest-frame of the absorber, the column density measured using the
AOD method, or the Voigt profile measured column density and Doppler b
parameter. The final column shows the velocity range over which the equiv-
alent width and apparent column densities were integrated, or the veloc-
ity centroid for the profile-fitted absorption components. c - contaminated
lines.
Line Wr(mAo) log[N (cm−2)] b (km s−1) v (km s−1)
H I 1215 > 565 > 14.1 [−70, 80]
H I 1025 > 434 > 15.2 [−70, 80]
H I 972 352 ± 6 15.62 ± 0.32 [−70, 80]
H I 949 297 ± 6 15.80 ± 0.05 [−70, 80]
H I 937 287 ± 9 16.03 ± 0.11 [−70, 80]
H I 930 241 ± 8 16.16 ± 0.08 [−70, 80]
H I 926 206 ± 9 16.26 ± 0.06 [−70, 80]
H I 923 212 ± 7 16.41 ± 0.03 [−70, 80]
H I 920 196 ± 6 16.49 ± 0.03 [−45, 50]
H I 919 182 ± 5 16.56 ± 0.02 [−45, 50]
H I 918 137 ± 6 16.50 ± 0.02 [−45, 50]
H I 917 124 ± 6 16.53 ± 0.02 [−45, 50]
H I 916.4 97 ± 6 16.49 ± 0.02 [−45, 50]
H I 915.8 82 ± 7 16.49 ± 0.02 [−45, 50]
H I 915.3 65 ± 6 16.44 ± 0.02 [−45, 50]
H I 914.9 67 ± 6 16.56 ± 0.02 [−45, 50]
H I 914.5 31 ± 7 16.25 ± 0.04 [−45, 50]
H I 914.2 36 ± 7 16.39 ± 0.03 [−45, 50]
H I 914.0 < 15 < 16.1 [−45, 50]
H I 913.8 < 20 < 16.3 [−45, 50]
H I 913.6 < 19.4 < 16.2 [−45, 50]
H I 913.4 < 19.2 < 16.3 [−45, 50]
H I 913.3 < 19.4 < 16.3 [−45, 50]
H I 913.2 < 19.6 < 16.4 [−45, 50]
H I 913.1 < 19.9 < 16.4 [−45, 50]
H I 913.0 < 19.7 < 16.5 [−45, 50]
H I 912.9 < 20.0 < 16.5 [−45, 50]
H I 912.8 < 20.6 < 16.6 [−45, 50]
H I 912.76 < 20.5 < 16.6 [−45, 50]
H I 912.70 < 20.4 < 16.7 [−45, 50]
H I 912.6 < 20.5 < 16.7 [−45, 50]
H I 16.50 ± 0.02 26 ± 3 2 ± 1
C II 903.9 < 15.6 < 12.8 [−30, 30]
C II 903.6 < 14.9 < 13.0 [−30, 30]
C II 1334 < 30.9 < 13.1 [−30, 30]
C II 1036 < 38.4 < 13.5 [−30, 30]
C III 977 80 ± 6 13.24 ± 0.02 [−30, 30]
C III 13.34 ± 0.05 17 ± 3 1 ± 2
Table B4. Table of line measurements for the z=0.72885 absorber towards
PG 1522 + 101, continued from Table B3. c - contaminated lines.
Line Wr(mAo) log[N (cm−2)] b (km s−1) v (km s−1)
C IV 1548c < 41 < 13.1 [−30, 30]
C IV 1550c < 31 < 13.2 [−30, 30]
N II 1083 < 59 < 13.7 [−30, 30]
N III 989 < 22 < 13.3 [−30, 30]
N III 685 < 11 < 13.0 [−30, 30]
N III 684 < 11 < 13.3 [−30, 30]
N IV 765 < 14 < 12.6 [−30, 30]
N V 1238c < 55 < 13.5 [−30, 30]
N V 1242c < 84 < 14.1 [−30, 30]
O II 834 < 12.7 < 13.1 [−30, 30]
O III 832 53 ± 4 14.01 ± 0.01 [−30, 30]
O III 14.10 ± 0.06 19 ± 4 2 ± 2
O IV 787 114 ± 3 14.51 ± 0.01 [−30, 30]
O IV 14.43 ± 0.12 22 ± 4 1 ± 4
O VI 1031 92 ± 15 13.94 ± 0.08 [−100, 50]
O VI 1037 60 ± 12 14.07 ± 0.10 [−30, 30]
O VI 14.00 ± 0.07 61 ± 11 -21 ± 8
Ne VIII 770c < 21 < 13.6 [−30, 30]
Ne VIII 780 < 11 < 13.6 [−30, 30]
Mg II 2796 < 16 < 11.5 [−30, 30]
Mg II 2803 < 15 < 11.8 [−30, 30]
Al III 1862 < 18 < 12.3 [−30, 30]
Al III 1854 < 21 < 12.1 [−30, 30]
Si II 1526 < 30 < 13.0 [−30, 30]
Si II 1260 < 51 < 12.4 [−30, 30]
Si II 1193 < 56 < 12.8 [−30, 30]
Si II 1190 < 51 < 13.1 [−30, 30]
Si II 989 < 21 < 13.1 [−30, 30]
Si III 1206 < 55 < 12.4 [−30, 30]
Si IV 1393 < 26 < 12.4 [−30, 30]
Si IV 1402 < 24 < 12.7 [−30, 30]
S IV 748 < 11 < 12.6 [−30, 30]
S V 786 < 12 < 12.1 [−30, 30]
S VI 944 < 16 < 12.9 [−30, 30]
S VI 933c < 33 < 13.0 [−30, 30]
Fe II 2600 < 14 < 12.0 [−30, 30]
Fe II 2382 < 15 < 11.9 [−30, 30]
Fe II 2344 < 17 < 12.4 [−30, 30]
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Table B5. Line measurements for the zabs = 1.09457 absorber towards
PG 1522+ 101 with the successive columns indicating the equivalent width
in the rest-frame of the absorber, the column density measured using the
AOD method, or the Voigt profile measured column density and Doppler b
parameter. The final column shows the velocity range over which the equiv-
alent width and apparent column densities were integrated, or the velocity
centroid for the profile-fitted absorption components. (a) - STIS Spectra.
continued in Table B6. c - contaminated lines.
Line Wr (mÅ) log[N (cm−2)] b (km s−1) v (km s−1)
H I 1215 348 ± 9 13.99 ± 0.25 [−70, 50]
H I 1025 153 ± 14 14.55 ± 0.18 [−70, 50]
H I 972 < 301 < 15.2 [−70, 50]
H I 949 < 80 < 14.8 [−70, 50]
H I 937 < 83 < 15.1 [−70, 50]
H I 930 < 86 < 15.3 [−70, 50]
H I 926 < 62 < 15.4 [−70, 50]
H I 923 < 86 < 15.7 [−70, 50]
H I 14.65 ± 0.15 25 ± 3 -4 ± 2
He I 584 < 10 < 13.0 [−40, 35]
C II 903.9 < 66 < 13.4 [−40, 35]
C II 903.6 < 68 < 13.7 [−40, 35]
C II 1036 < 32 < 13.4 [−40, 35]
C III 977 194 ± 20 13.76 ± 0.16 [−40, 35]
C III 977(a) > 215 > 13.6 [−40, 35]
C IV 1548 179 ± 5 13.91 ± 0.01 [−40, 35]
C IV 1550 113 ± 5 13.89 ± 0.01 [−40, 35]
C IV 13.91 ± 0.02 18 ± 1 -1 ± 1
N II 1083 < 25 < 13.3 [−40, 35]
N II 915 < 67 < 13.7 [−40, 35]
N III 685 62 ± 3 13.85 ± 0.01 [−40, 35]
N III 684 108 ± 3 14.52 ± 0.01 [−40, 35]
N IV 765 20 ± 6 12.85 ± 0.07 [−40, 35]
N IV 12.96 ± 0.36 17 ± 2 4 ± 3
N V 1238 < 29 < 13.1 [−40, 35]
N V 1242 < 26 < 13.3 [−40, 35]
O II 834 < 18 < 13.3 [−40, 35]
O III 702 77 ± 4 14.23 ± 0.01 [−55, 55]
O III 832 68 ± 7 14.12 ± 0.03 [−55, 55]
O III 14.23 ± 0.06 18 ± 3 6 ± 2
O IV 554 100 ± 5 14.42 ± 0.02 [−55, 55]
O IV 553 69 ± 6 14.49 ± 0.03 [−55, 55]
O IV 608 62 ± 3 14.57 ± 0.01 [−55, 55]
O IV 787 137 ± 5 14.56 ± 0.02 [−55, 55]
O IV 14.69 ± 0.05 18 ± 3 1 ± 2
O V 629 127 ± 4 14.09 ± 0.01 [−55, 55]
O V 14.63 ± 0.18 18 ± 2 0 ± 2
Table B6. Table of line measurements for the z=1.09457 absorber towards
PG 1522 + 101, continued from Table B5. c - contaminated lines.
Line Wr(mÅ) log[N (cm−2)] b (km s−1) v (km s−1)
O VI 1031 59 ± 16 13.84 ± 0.17 [−55, 55]
O VI 1037 80 ± 13 14.25 ± 0.10 [−55, 55]
O VI 14.03 ± 0.17 18 ± 4 12 ± 8
Ne V 568c < 52 < 14.4 [−40, 35]
Ne VI 558 < 15 < 13.7 [−40, 35]
Ne VIII 770c < 32 < 13.8 [−40, 35]
Ne VIII 780 < 15 < 13.7 [−40, 35]
Mg II 2796 < 17 < 11.6 [−40, 35]
Mg X 609c < 14 < 13.7 [−40, 35]
Mg X 624 < 11 < 13.8 [−40, 35]
Al II 1670 < 13 < 11.4 [−40, 35]
Al III 1862 < 19 < 12.3 [−40, 35]
Al III 1854 < 13 < 11.9 [−40, 35]
Si II 1260 < 26 < 12.2 [−40, 35]
Si II 1193 < 29 < 12.5 [−40, 35]
Si II 1190 < 23 < 12.7 [−40, 35]
Si III 1206 < 25 < 12.0 [−40, 35]
Si IV 1393 < 20 < 12.3 [−40, 35]
S IV 748 < 14 < 12.7 [−40, 35]
S V 786 < 16 < 12.3 [−40, 35]
S VI 944 < 69 < 13.6 [−40, 35]
S VI 933 < 75 < 13.3 [−40, 35]
Fe II 2600 < 15 < 12.0 [−40, 35]
Fe II 2382 < 15 < 11.9 [−40, 35]
Fe II 2344 < 17 < 12.4 [−40, 35]
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Table B7. Line measurements for the zabs = 1.16592 absorber towards
PG 1522+ 101 with the successive columns indicating the equivalent width
in the rest-frame of the absorber, the column density measured using the
AOD method, or the Voigt profile measured column density and Doppler b
parameter. The final column shows the velocity range over which the equiv-
alent width and apparent column densities were integrated, or the veloc-
ity centroid for the profile-fitted absorption components. c - contaminated
lines.
Line Wr(mAo) log[N (cm−2)] b (km s−1) v (km s−1)
H I 1215 > 541 > 14.3 [−100, 65]
H I 1025 > 374 > 14.9 [−100, 65]
H I 972 > 274 > 15.2 [−100, 65]
H I 949 > 304 > 15.6 [−100, 65]
H I 937 > 280 > 15.9 [−100, 65]
H I 930 > 187 > 15.8 [−100, 65]
H I 918 115 ± 24 16.34 ± 0.08 [−35, 70]
H I 917 < 73 < 16.1 [−35, 70]
H I 916.4 < 74 < 16.2 [−35, 70]
H I 915.8 < 75 < 16.3 [−35, 70]
H I 16.52 ± 0.11 21 ± 1 5 ± 2
14.69 ± 0.16 29 ± 3 -27 ± 6
He I 584 75 ± 2 14.15 ± 0.01 [−30, 50]
He I 537 32 ± 4 14.36 ± 0.03 [−35, 30]
He I 14.48 ± 0.17 14 ± 3 6 ± 2
C II 1036c < 37 < 13.6 [−30, 50]
C III 977 114 ± 17 13.33 ± 0.50 [−30, 50]
C III 13.81 ± 0.70 14 ± 2.0 9 ± 11
C IV 1548 97 ± 5 13.53 ± 0.01 [−30, 50]
C IV 1550 49 ± 5 13.47 ± 0.01 [−30, 50]
C IV 13.45 ± 0.10 11 ± 2 1 ± 1
12.93 ± 0.33 23 ± 14 -24 ± 15
O II 834 < 58 < 13.8 [−30, 50]
O III 702 53 ± 4 14.06 ± 0.01 [−30, 50]
O III 832 88 ± 22 14.28 ± 0.12 [−30, 50]
O III 14.18 ± 0.14 12 ± 2 6 ± 3
O IV 554 100 ± 2 14.47 ± 0.01 [−30, 50]
O IV 553 55 ± 3 14.36 ± 0.01 [−50, 50]
O IV 608 56 ± 4 14.51 ± 0.01 [−50, 50]
O IV 787 101 ± 6 14.38 ± 0.02 [−50, 50]
O IV 14.36 ± 0.12 10 ± 1 9 ± 2
13.98 ± 0.12 22 ± 7 -19 ± 6
O V 629 106 ± 4 13.95 ± 0.01 [−85, 45]
O V 13.94 ± 0.17 10 ± 1 4 ± 3
13.67 ± 0.17 22 ± 7 -27 ± 7
O VI 1031 104 ± 13 14.03 ± 0.07 [−85, 45]
O VI 1037 54 ± 13 14.02 ± 0.09 [−85, 45]
O VI 13.61 ± 0.20 10 ± 2 4 ± 3
13.78 ± 0.14 23 ± 7 -27 ± 7
Table B8. Table of line measurements for the z=1.16592 absorber towards
PG1522+101, continued from Table B7. c - contaminated lines.
Line Wr(mAo) log[N (cm−2)] b (km s−1) v (km s−1)
Ne V 568c < 16 < 13.7 [−30, 50]
Ne VI 558c < 21 < 14.0 [−30, 50]
Ne VIII 770 < 16 < 13.4 [−30, 50]
Ne VIII 780 < 18 < 13.8 [−30, 50]
Mg II 1240 < 21 < 16.0 [−30, 50]
Mg X 609 < 13 < 13.6 [−30, 50]
Al II 1670 < 11 < 11.3 [−30, 50]
Al III 1862 < 13 < 12.2 [−30, 50]
Al III 1854 < 12 < 11.8 [−30, 50]
Si II 1260 < 24 < 12.1 [−30, 50]
Si II 1193 < 21 < 12.4 [−30, 50]
Si II 1190c < 31 < 13.0 [−30, 50]
Si III 1206 75 ± 7 12.66 ± 0.02 [−30, 50]
Si III 12.80 ± 0.40 11 8 ± 7
Fe II 2600 < 19 < 12.1 [−30, 50]
Fe II 2382 < 16 < 12.0 [−30, 50]
Fe II 2344 < 17 < 12.4 [−30, 50]
MNRAS 000, 1–25 (2020)
O III to O VI absorbing systems towards PG 1522 + 101 35
Table B9. Line measurements for the zabs = 1.27768 absorber towards
PG1522+101 with the successive columns indicating the corresponding
equivalent width in the rest-frame of the absorber, the column density mea-
sured through the AOD method or Voigt profile fitting and the Doppler pa-
rameters obtained through profile fitting. The final column shows the ve-
locity range over which the equivalent width and apparent column densities
were integrated, or the centroid for the profile-fitted absorption components.
Continued in Table B10. c - contaminated lines.
Line Wr(mAo) log[N (cm−2)] b (km s−1) v (km s−1)
H I 1215 > 502 > 14 [−45, 115]
H I 1025 178 ± 12 14.49 ± 0.04 [−45, 115]
H I 972c < 284 < 15.3 [−45, 115]
H I 949 60 ± 16 14.84 ± 0.14 [−45, 115]
H I 937 < 64 < 15 [−45, 115]
H I 930c < 90 < 15.5 [−45, 115]
H I 926c < 136 < 16.0 [−45, 115]
H I 923c < 331 < 16.4 [−45, 115]
H I 14.31 ± 0.09 25 ± 5 -7 ± 6
14.09 ± 0.11 24 ± 6 56 ± 7
He I 584 < 10 < 13.0 [−30, 60]
He I 537 < 9 < 13.6 [−30, 60]
C II 903.9 < 45 < 13.2 [−30, 60]
C II 903.6 < 46 < 13.5 [−30, 60]
C II 1334 < 25 < 13.0 [−30, 60]
C II 1036 < 27 < 13.3 [−30, 60]
C III 977 74 ± 12 13.17 ± 0.09 [−30, 60]
C III 13.10 ± 0.16 10 ± 1 -8 ± 5
12.84 ± 0.21 10 ± 2 40 ± 8
C IV 1548 173 ± 4 13.82 ± 0.01 [−30, 60]
C IV 1550 107 ± 4 13.82 ± 0.01 [−30, 60]
C IV 13.61 ± 0.02 10 ± 1 0 ± 1
13.42 ± 0.02 10 ± 2 39 ± 1
N II 1083 < 29 < 13.4 [−30, 60]
N II 915 < 50 < 13.6 [−30, 60]
N III 989 < 33 < 13.5 [−30, 60]
N III 685 < 12 < 13.0 [−30, 60]
N III 684 < 12 < 13.3 [−30, 60]
N IV 765 37 ± 5 13.11 ± 0.03 [−30, 60]
N IV 13.01 ± 0.10 9 ± 1 -2 ± 2
12.49 ± 0.23 9 ± 2 38 ± 7
N V 1238 < 13 < 12.7 [−30, 60]
N V 1242 < 14 < 13.1 [−30, 60]
O III 702 29 ± 4.47 13.74 ± 0.03 [−30, 60]
O III 832 < 54 < 13.9 [−30, 60]
O III 13.66 ± 0.11 9 ± 1 -5 ± 4
13.25 ± 0.22 9 ± 2 32 ± 7
Table B10. Table of line measurements for the z=1.27768 absorber towards
PG1522+101, continued from Table B9.c - contaminated lines.
Line Wr(mAo) log[N (cm−2)] b (km s−1) v (km s−1)
O IV 554 80 ± 2 14.28 ± 0.00 [−30, 60]
O IV 608 55 ± 3 14.49 ± 0.01 [−30, 60]
O IV 787 119 ± 10 14.48 ± 0.10 [−30, 60]
O IV 14.44 ± 0.07 9 ± 1 1 ± 1
14.23 ± 0.07 8 ± 2 39 ± 1
O V 629 144 ± 2 14.19 ± 0.01 [−30, 60]
O V 14.69 ± 0.30 12 ± 2 0 ± 1
14.03 ± 0.19 10 ± 2 40 ± 1
O VI 1031 > 220 > 14.57 [−20, 75]
O VI 1037 > 281 > 15.11 [−20, 75]
O VI 15.55 ± 0.67 10 -1 ± 4
14.53 ± 0.89 9 ± 3 39 ± 5
Ne V 568 33 ± 3 14.08 ± 0.01 [−20, 75]
Ne V 14.02 ± 0.11 8 ± 1 3 ± 3
13.64 ± 0.16 8 ± 2 38 ± 5
Ne VI 558 40 ± 2 14.26 ± 0.01 [−20, 75]
Ne VI 14.13 ± 0.09 8 ± 1 9 ± 3
13.86 ± 0.12 8 ± 2 39 ± 4
Ne VIII 770 < 17 < 13.5 [−30, 60]
Ne VIII 780 < 26 < 13.9 [−30, 60]
Mg X 609 < 10 < 13.5 [−30, 60]
Mg X 624 < 9 < 13.8 [−30, 60]
Al II 1670 < 12 < 11.4 [−30, 60]
Al III 1862 < 14 < 12.2 [−30, 60]
Al III 1854 < 13 < 11.9 [−30, 60]
Si II 1260 < 18 < 12.0 [−30, 60]
Si II 1020 < 28 < 14.2 [−30, 60]
Si III 1206 < 23 < 12.0 [−30, 60]
Si IV 1393 < 22 < 12.4 [−30, 60]
Si IV 1402 < 19 < 12.6 [−30, 60]
S IV 1062 < 26 < 13.8 [−30, 60]
S IV 748 < 16 < 12.8 [−30, 60]
S V 786 < 32 < 12.6 [−30, 60]
S VI 944 < 39 < 13.3 [−20, 75]
S VI 933 63 ± 13 13.33 ± 0.11 [−20, 75]
S VI 13.13 ± 0.10 6 ± 3 -14 ± 10
13.05 ± 0.11 6 ± 3 18 ± 12
Fe II 2382 < 17 < 12.0 [−30, 60]
Fe II 2344 < 16 < 12.4 [−30, 60]
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